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Rationale: Emerging evidence indicates that psychosocial stress
enhances the effect of traffic exposure on the development of
asthma.
Objectives: We hypothesized that psychosocial stress would also
modify the effect of traffic exposure on lung function deficits.
Methods: We studied 1,399 participants in the Southern California
Children’s Health Study undergoing lung function testing (mean
age, 11.2 yr). We used hierarchical mixed models to assess the joint
effect of traffic-related air pollution and stress on lung function.
Measurements and Main Results: Psychosocial stress in each child’s
householdwasassessedbasedonparental responseto theperceived
stress scale (range, 0–16) at study entry. Exposures to nitric oxide,
nitrogen dioxide, and total oxides of nitrogen (NOx), surrogates of
the traffic-related pollution mixture, were estimated at schools and
residences based on a land-use regression model. Among children
from high-stress households (parental perceived stress scale .4)
deficits in FEV1 of 4.5 (95% confidence interval, 26.5 to 22.4) and
of 2.8% (25.7 to 0.3)were associatedwith each 21.8 ppb increase in
NOxathomesand schools, respectively.Thesepollutanteffectswere
significantly larger in the high-stress compared with lower-stress
households (interaction P value 0.007 and 0.05 for residential and
schoolNOx, respectively). No significant NOx effectswere observed
in children from low-stress households. A similar pattern of associa-
tion was observed for FVC. The observed associations for FEV1 and
FVCremainedafteradjusting for sociodemographic factorsandafter
restricting the analysis to children who do not have asthma.
Conclusions: A high-stress home environment is associated with in-
creased susceptibility to lung function effects of air pollution both at
home and at school.
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Exposure to air pollution, especially to local particulate and the
traffic-related air pollution (TRP)mixture near children’s homes,
has been associated with asthma prevalence, incidence, and ex-
acerbation, and with lung function deficits (1–8). Genetic and
toxicologic studies suggest that these relationships are causal

(9–12). Emerging evidence indicates that the susceptibility to
health effects caused by air pollution is greater among socially
deprived populations (13–15), whichmight be because of psycho-
social stress (13). Although the exact mechanism for this suscep-
tibility remains unknown, one possible explanation is synergistic
psychosocial stress-induced and TRP-induced oxidative stress,
a common biologic effect of both exposures, resulting in airway
inflammation (11, 16).

Psychosocial stress is associated with high-level endogenous
steroid production, which leads paradoxically to steroid resistance
and a diminished antiinflammatory effect of cortisol (17). Dimin-
ished production of antiinflammatory IL-5 and IFN-g from pe-
ripheral blood mononuclear cells, and an increase in eosinophils
(18), has been reported from children with asthma who perceived
low parental support (a proxy for psychosocial stress). Because
psychosocial stress can provide a milieu that can augment the
effect of inflammatory and oxidative stressors present in TRP
(19–21), we hypothesized that children exposed to high level of
chronic stress would be more susceptible to the detrimental effect
of TRP on lung function deficits in children.

We investigated our hypothesis in a large cohort of Children’s
Health Study (CHS) participants, for who detailed sociodemo-
graphic household information, markers of perceived parental
stress as a proxy for children’s psychosocial stress, lung function
measurements, and validated residential and school TRP expo-
sure estimates were available. Some of the results of these studies
have been previously reported in the form of an abstract (22).

METHODS

Study Population

Characteristics of the study population have been described previously
(6). The current analysis involves 1,399 children (mean age,11.2;
SD 0.63) from eight communities in Southern California. These
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Traffic exposure has been shown to be associated with
asthma risk and lung function in children. Psychosocial
stress increases susceptibility to the detrimental effects of
traffic exposure–mediated asthma risk in children. Cur-
rently, the role of stress on lung function levels in healthy
children remains unknown.

What This Study Adds to the Field

This study shows that children who grow up in households
with high levels of psychosocial stress are more susceptible
to the detrimental effects of traffic exposure on lung
function compared with children who grow up in households
with low parental stress.

mailto:islam@usc.edu
www.atsjournals.org


communities were selected to reflect a broad range of regional air
pollutant exposures across communities and large gradients in traffic
exposure within communities. Children underwent spirometric lung
function testing during the 2008–2009 school year. Information about
respiratory illness and environmental exposures was provided by
parents in a questionnaire sent home with children at the time of spiro-
metric testing. Additional information, including sociodemographic char-
acteristics and parental psychosocial stress, was available from
a questionnaire parents completed at the time of enrollment of this co-
hort in 2002–2003. Parents provided informed consent (see the online
supplement).

Parental Stress

The perceived stress scale (PSS), which was used to measure parental
stress, has been validated as a measure of negative affective states and
physical symptoms of stress (23). We used a four-item version of the
scale that has been used previously to predict incidence of wheeze and
asthma in children (24, 25). Items included: “In the last month, how
often have you felt” (1) “that you were unable to control the important
things in your life”; (2) “confident about your ability to handle your
personal problems”; (3) “that things were going your way”; and (4)
“your difficulties were piling up so high that you could not overcome
them.” Each item was scored on a scale of 0–4, with larger values
indicating higher stress levels. The PSS gives equal weight to each item,
resulting in an overall score ranging from 0–16. The PSS was also dichot-
omized at its sample median into high (.4) and low (< 4) parental stress.

Other Covariates

Sociodemographic characteristics (i.e., race, income, and insurance),
secondhand exposure to tobacco smoke, health insurance, housing char-
acteristics, history of allergy, and child and parental asthma were
assessed by questionnaire (see the online supplement).

Local TRP

Exposuretonitricoxide(NO),nitrogendioxide(NO2),andtotaloxidesof
nitrogen (NOx) was estimated based on measurements of these pollu-
tants at 940 locations in CHS communities during 2 weeks in each of the
two Southern California seasons. A prediction model was developed
based on distance to traffic corridors, traffic volume, average vehicle
NOx emission rates, wind speed and direction and height of the mixing
layer, and elevation and population density (26). Cross-validation anal-
ysis showed that thismodelwas able to predict 68%, 61%, and 72%of the
local variation in average levels of NO2, NO, andNOx, respectively (26).
This model was used to predict concentrations of these pollutants at the
homes and schools of study participants.

Lung Function Measurements

Maximal-effort spirometry and standing height and weight were mea-
sured by trained field technicians, using previously described procedures
(7). We evaluated three measures of lung function in this analysis: (1)
FVC, (2) FEV1, and (3) forced expiratory flow over the mid-range of
expiration (FEF25–75).

Asthma

Lifetime asthma at study entry was assessed based on parental report of
physician-diagnosedasthma.Childrenwhowere asthma-freeat study en-
try were classified as having new-onset asthma when a parent reported
physician-diagnosed asthma on the annual follow-up questionnaire. Be-
cause low lung function is associatedwith asthma andwe have previously
reported that TRP exposure was associated with increased risk of new-
onset asthma in children residing in high-stress households (25), we con-
ducted sensitivity analyses restricted to children without any history of
asthma.

Statistical Methods

We evaluated the determinants of high parental stress using univariate
logistic regression models. We used hierarchical two-stage multivariate

regression models to assess the joint effect of TRP and stress on lung
function levels with interaction terms after accounting for clustering
at community and school levels with adjustments for known determi-
nants of lung function (see the online supplement). Heterogeneity of
TRP effects by PSS was assessed by comparing nested models using
a partial likelihood ratio test with and without appropriate interaction
terms (i.e., for PSS with TRP). We fitted the following model:

LF ¼ a1b1TRPi 1b2TRPs 1b3PSS1 g1PSS
�TRPi 1 g2PSS

�TRPs1C1 es;

ðEq:1Þ

where LF represented one of the lung function measurements, and TRPi

(residential TRP centered to local school TRP) and TRPs represented
one of the TRPs at the residence and school level, respectively. The
parameters g1 and g2 quantify modifying effects of stress on the asso-
ciation between LF and residential and school level TRP, respectively.
The model included school-specific (es) random effects and adjustments
for several potential confounders (C) including community of residence
as fixed effects. The approximately orthogonal relationship between
school and deviated residential TRPs allowed us to assess the joint ef-
fect of both exposures in the same model. Effect estimates for both
residential and school TRPs were scaled to an increase in exposure
equivalent to 2 SD based on the distribution of residential TRP.

Wewere concerned that themodifying effects of PSS (captured by g1
and g2) could be confounded by other social factors. We addressed this
issue by including additional interaction terms between TRP and other
social factors in the above model. We determined whether the esti-
mates of g1 and g2 changed by at least 10% on including any of these
additional interaction terms.

All analyses were performed using Statistical Analysis System soft-
ware (SAS version 9.2; SAS Institute Inc., Cary, NC). A two-tailed al-
ternative hypothesis was assumed in all analyses with significance being
claimed at the 0.05 probability level.

RESULTS

We observed a wide range of variation in parental stress among
the participants’ parents. The observed PSS values ranged from
0–16, with mean of 3.9 (SD 2.8) and median of 4. Approxi-
mately 11.5% (n ¼ 156) of parents reported no stress in their
life (PSS ¼ 0). Less than 25% of the parents reported PSS less
than two (23%) or PSS greater than seven (20%). High parental
PSS varied by sociodemographic and personal factors (Table 1).
Compared with whites, Asian and Hispanic households had
higher levels of PSS. Among Hispanics, completion of the ques-
tionnaire in Spanish was associated with an increased risk of
high parental stress. Neither parental nor child’s asthma status
was associated with parental stress. Characteristics suggestive of
low socioeconomic status were associated with increased paren-
tal stress, including low parental education, annual household
income less than $30,000, lack of health insurance, and no air-
conditioner in the home. In this cohort, 6.4% of children did not
have health insurance, 17.4% had parents with less than a high
school education, and 18.8% did not live in a single-family
home, characteristics that were associated with high parental
stress. About 5.3% of the parents reported at least one smoker
at home and 6.1% of children had in utero exposure to maternal
smoking. Although maternal smoking during pregnancy was not
associated with parental stress, a smoker in the home was asso-
ciated with a 1.7-fold increased risk of high parental stress.

The TRPs had a wide range of variability for both homes and
schools. For example, the mean residential and school NOx were
46.7 ppb (SD 19.6) and 49.7 (SD 19.2) ppb, with ranges of 101.6
and 61.8, respectively (Table 2). In the neighborhood of child-
ren’s homes around each school, residential NOx ranged from
55.5 ppb less than to 52.7 ppb greater than the school estimate
(SD 10.9; data not shown). Similar ranges in the distribution of
NO and NO2 were observed.
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On average the lung volume and flows were larger for boys
than girls; however, the effect of TRP did not differ by sex (in-
teraction P value . 0.10 for all TRP), so we combined girls and
boys in analyses of lung function. In models adjusted for sex and
other relevant covariates, we observed a detrimental effect of
TRPs on lung function. For example, each 21.8 ppb (2 SD [10.9]
of average school-deviated residential NOx) increase in residen-
tial NOx was associated with 2.31% (P value , 0.001) and
1.85% (P value , 0.001) decrease in FVC and FEV1, respec-
tively (Table 3). No statistically significant association was ob-
served between any TRP and FEF25–75. A similar pattern of
associations was observed for NO and NO2; however, the effect
of NO was modestly larger and more significant than NOx or
NO2. We did not observe any statistically significant associa-
tions between lung function measures and TRP at school.

We did not observe any statistically significant associations
between PSS and lung function levels (see Table E1 in the
online supplement). However, strong modifying effects of PSS
on the association between FVC and FEV1 and both home and
school TRPs were observed (Table 3). The adverse effect of
TRP was restricted to children from high-stress households
and these associations were most strongly associated with pre-
dicted NO. For example, among children with high parental

stress, each 21.8 ppb increase of residential and school NOx
was associated with 4.5% (95% confidence interval [CI], 26.7
to 22.4) and 2.8% (95% CI, 25.7 to 0.28) deficits in FEV1,
respectively. A stronger and more significant interaction was
observed between household stress and NO level at homes
and schools. No significant associations with TRP were ob-
served in low-stress households. Although a similar pattern
was observed for FEF25–75, the interactions between stress and
TRPs were not statistically significant.

We evaluated whether the modifying effect of PSS could be
explained by other factors that were associated with PSS (Table
1). Lack of health insurance (n ¼ 93) modified the association of
FEV1 with residential NOx (interaction P value ¼ 0.04) but not
with school NOx (interaction P value ¼ 0.59; see Table E2). For
each 21.8 ppb increase in NOx, the FEV1 deficit was 9.03%
(95% CI, 213.4 to 23.8) for children without health insurance
and 21.3% (95% CI, 22.9 to 0.25) for children with health
insurance. However, the joint effects of health insurance and
NOx did not fully explain the observed modifying effect of PSS
on lung function. The interaction between PSS and NOx
remained significant (P value ¼ 0.01) and the interaction be-
tween health insurance and NOx was attenuated and marginally
significant (P value ¼ 0.07) when both terms were included in
the same model. Even after restricting the analysis to children
with health insurance, we observed that each 21.8 ppb increase
in NOx was associated with 3.7% (95% CI, 25.86 to 21.49)
deficit in FEV1 among children from high-stress households
compared with those from low-stress households (see Table E3).

Another possible explanation of our findings is that the lung
function deficits were caused by differential risk of TRP by
asthma status in this population (25). To address this concern,
we performed sensitivity analysis by excluding all prevalent
(n ¼ 173) and new-onset asthma cases (n ¼ 165). Among the
children without any asthma diagnosis (n ¼ 1,061), we observed
a modifying effect of household stress on the association be-
tween lung function and TRP exposure at home and school
(Table 4) that was similar to that observed in the entire sample.
Each 21.8 ppb increase of residential and school NOx was as-
sociated with a 4.3% (95% CI, 26.55 to 22.07) and 3.5% (95%
CI, 26.68 to 20.14) decrease in FEV1, respectively, among
children with high parental stress.

DISCUSSION

To our knowledge, this is the first study demonstrating that grow-
ing up in a stressful household was associated with larger TRP-
induced lung function deficits in children. Children whose
parents reported a stressful life early in the child’s school years
experienced a detrimental effect associated with exposure to
both residential and school TRP on their lung function volume
and flow in large airways. The observed pattern of effects in
these children could not be explained by asthma or by a range

TABLE 1. SUBJECT CHARACTERISTICS AND ASSOCIATIONS WITH
PARENTAL STRESS

Risk Factor N (%)

High Parental

Stress OR (95% CI)

Subject characteristics

Male 672 (48) 0.90 (0.73–1.12)

Race and ethnicity

White 629 (45) 1.00

Asian 64 (4.6) 2.67 (1.5–4.6)

African American 22 (1.6) 0.84 (0.4–2)

Do not know 149 (10.7) 2.41 (1.7–3.5)

Mixed 194 (13.9) 0.95 (0.7–1.3)

Other or Native American Indian 341 (24.4) 1.83 (1.4–2.4)

Hispanicity

Not Hispanic 595 (42.5) 1.00

Hispanic 769 (55) 1.52 (1.2–1.9)

Do not know 35 (2.5) 2.99 (1.4–6.3)

Spanish language questionnaire

(among Hispanic whites)

288 (38) 1.79 (1.3–2.4)

Asthma in children 173 (13.1) 0.91 (0.7–1.3)

Parental history of asthma 293 (22.3) 1.06 (0.8–1.4)

Sociodemographic factors

Parental education

At least college diploma 419 (30.8) 1.00

High school or some college 704 (51.8) 2.04 (1.5–2.8)

Did not finish high school 236 (17.4) 3.04 (2.3–4.5)

Household income

>$30,000 913 (74.7) 1.00

,$30,000 309 (25.3) 2.44 (1.9–3.2)

Health insurance

Yes 1,231 (88) 1.00

No 93 (6.6) 1.49 (1–2.2)

Home characteristics

Mildew at home 348 (27.2) 1.20 (0.9–1.5)

Cats at home 248 (18.1) 0.68 (0.5–0.9)

Dogs at home 388 (28.4) 0.87 (0.7–1.1)

Cockroaches in home 141 (10.4) 1.79 (1.3–2.6)

In utero smoking 83 (6.1) 1.06 (0.7–1.7)

Any smoker inside home 73 (5.3) 1.72 (1.1–2.8)

Air conditioning at home 900 (65.2) 0.53 (0.4–0.7)

Type of home

Single family house 1,114 (81.2) 1.00

Apartment (2–10 units) 191 (13.9) 2.46 (1.8–3.4)

Apartment (.10 units) 45 (3.3) 2.20 (1.2–4.1)

Mobile home 22 (1.6) 1.92 (0.8–4.6)

Definition of abbreviations: CI ¼ confidence interval; OR ¼ odds ratio.

TABLE 2. DISTRIBUTION OF ANNUAL AVERAGE RESIDENTIAL
TRAFFIC MODELED POLLUTION

TRP* Location Mean (SD) Median (IQR) Min Max Range

NOx Home 46.7 (19.6) 44.3 (31.7) 6.15 107.7 101.5

School 49.7 (19.2) 49.1 (27.8) 16.6 78.3 61.8

NO2 Home 23.2 (6.96) 24.3 (10.6) 3.70 41.5 37.8

School 23.8 (6.73) 24.7 (7.8) 8.25 33.7 25.5

NO Home 23.4 (14.3) 19.1 (20.3) 2.11 77 74.9

School 25.8 (14) 21.4 (24.2) 5.84 51.4 45.5

Definition of abbreviations: IQR ¼ interquartile range; NO ¼ nitric oxide; NO2 ¼
nitrogen dioxide; NOx ¼ total oxides of nitrogen.

* Traffic-related pollution (oxides of nitrogen) in parts per billion.
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of behavioral, socioeconomic, or environmental factors associ-
ated with stress.

Over the last decade intensive investigation indicates that
traffic-related particulate or gaseous pollutants result in adverse
effects on respiratory health in children (3, 7, 11, 12, 27, 28). In
the CHS we have shown that particulate matter and ambient
NO2 (28), and living close to a freeway, were associated with
a significant decrease in lung function growth in children 10–18
years of age (7). Emerging evidence indicates that these expo-
sures result in formation of radical oxygen species leading to
inflammation-mediated injury to lung tissue (29, 30). Further-
more, TRP exposure has been shown to have direct proinflam-
matory effects by enhancing mast cell degranulation and
cytokine release (31, 32).

A potential explanation for the stress-related pattern of TRP
respiratory effects is the biologic pathways common to effects of
TRP and stress (13). Psychosocial stress has been linked to in-
flammation and oxidative stress (16). These common biologic
pathways may explain the recent epidemiologic studies demon-
strating that the risk of TRP-associated asthma was larger in
children in high-stress homes or with a history of exposure to
violence (20, 25). Although the epidemiologic studies have
largely examined modifying effects of stress on the relationship
between TRP and asthma, one toxicologic study found that
stress modified the effect of pollution on lung function (21).
In a rat model, low respiratory flows and volumes resulting from
exposure to ambient fine particles occurred only in stressed
animals. Moreover, markers of systemic inflammation, such as
tumor necrosis factor-a, C-reactive protein, white blood count,
and absolute monocyte and lymphocyte counts, were on aver-
age higher among the stressed animals compared with the non-
stressed control animals. Psychosocial stress-induced heightened
inflammatory status in CHS participants is one possible explana-
tion for the findings of the current study. Further studies are
warranted to delineate the involved biologic pathways.

Another unique finding of this study was that stress-related
susceptibility was related to TRP exposure effects both at home

and at school. Children in this age group spend almost one-third
of their daytime hours at school so exposure at school is an im-
portant contributor to total exposure. Because the residential
TRP levels were deviated from the corresponding school TRP
level, effects could be assessed jointly in the regression model.
The observed consistent pattern of TRP susceptibility among
children growing up in a high-stress household regardless of
the location of TRP exposure also strengthens a causal interpre-
tation of the observed lung function associations with TRP ex-
posure. Furthermore, the higher effect estimates and lower P
values in the order of NO, NOx, and NO2 suggest that reactive
primary traffic emissions were better reflected by NO and it
might be of etiologic importance.

Emerging evidence suggests that social deprivation promotes
the adverse effect of air pollution on respiratory health outcomes
(20, 33, 34), and psychosocial stress associated with deprivation
is one possible explanation for this effect (9, 13, 19, 35, 36). In
this study markers of social deprivation (i.e., low socioeconomic
status; lack of health insurance; and housing characteristics, such
as secondhand smoke exposure, cockroaches in the home, and
lack of air conditioning) were associated with higher household
stress (Table 1). However, none of those factors explained the
large TRP-related health effects we observed in children with
high household stress. Although lack of health insurance, a marker
of low socioeconomic status, increased the susceptibility to TRP
exposure (Table E3), the modifying effect of stress was still evi-
dent even among children who had health insurance (Table E4).

A major strength of the study was the use of predicted TRP
exposures that were calibrated from models based on actual
measurement of NO, NO2, and NOx at a large number of
homes and schools in the study communities. The final exposure
model accounted for traffic distance and volume, meteorology,
and other characteristics of nearby land use (26). Approxi-
mately two-thirds of the within-community variability in these
TRPs was explained by the model.

There are some limitations to these data. The TRP exposure
was estimated at the center point of the school buildings, but

TABLE 3. EFFECT OF TRP ON LUNG FUNCTION MEASUREMENTS, STRATIFIED BY PARENTAL STRESS LEVEL (HIGH OR LOW)*

TRP Location

Main Effect %

Change (95% CI)

Low Parental Stress %

Change (95% CI)

High Parental Stress %

Change (95% CI)

Interaction

P Value

FVC

NOx Home 22.31 (23.8 to 20.8) 0.02 (22.1 to 2.2) 24.73 (26.7 to 22.7) ,0.01

School 20.98 (23 to 1) 1.04 (21.7 to 3.9) 23.01 (25.9 to 20.1) 0.07

NO Home 22.60 (24.2 to 21) 20.04 (22.4 to 2.4) 24.84 (26.9 to 22.8) ,0.01

School 21.39 (23.5 to 0.8) 0.82 (22.2 to 4) 23.30 (26.3 to 20.2) 0.04

NO2 Home 22.00 (23.4 to 20.6) 0.07 (21.9 to 2) 24.55 (26.5 to 22.6) 0.02

School 20.59 (22.5 to 1.3) 1.29 (21.3 to 4) 22.68 (25.4 to 0.1) .0.10

FEV1

NOx Home 21.85 (23.3 to 20.4) 0.62 (21.6 to 2.9) 24.47 (26.5 to 22.4) ,0.01

School 20.15 (22.2 to 1.9) 2.52 (20.3 to 5.5) 22.77 (25.7 to 0.3) 0.07

NO Home 22.09 (23.7 to 20.5) 0.75 (21.7 to 3.3) 24.61 (26.7 to 22.5) ,0.01

School 20.40 (22.6 to 1.8) 2.62 (20.5 to 5.8) 23.03 (26.1 to 0.2) 0.04

NO2 Home 21.60 (23 to 20.2) 0.54 (21.4 to 2.5) 24.31 (26.3 to 22.3) 0.02

School 0.06 (21.9 to 2) 2.43 (20.3 to 5.2) 22.48 (25.3 to 0.4) .0.10

MMEF

NOx Home 20.72 (23.7 to 2.4) 0.85 (23.4 to 5.3) 22.57 (26.7 to 1.8) .0.10

School 1.21 (22.9 to 5.5) 3.28 (22.4 to 9.2) 20.82 (26.8 to 5.6) .0.10

NO Home 21.09 (24.3 to 2.2) 0.77 (24 to 5.8) 22.90 (27.2 to 1.6) .0.10

School 0.95 (23.4 to 5.5) 3.39 (22.7 to 9.9) 21.15 (27.5 to 5.6) .0.10

NO2 Home 20.55 (23.4 to 2.4) 0.88 (23 to 4.9) 22.60 (26.7 to 1.7) .0.10

School 1.19 (22.7 to 5.3) 2.99 (22.3 to 8.6) 20.76 (26.5 to 5.4) .0.10

Definition of abbreviations: CI ¼ confidence interval; MMEF ¼ FEF25–75; NO ¼ nitric oxide; NO2 ¼ nitrogen dioxide; NOx ¼ total oxides of nitrogen; TRP ¼ traffic-

related pollution.

*Models adjusted for log height and square term for log height, body mass index and square term for body mass index, sex, age, age–sex interaction, race, Hispanic

ethnicity, respiratory illness at time of lung function, field technician, and community. Percent (%) change was scaled to 2 SD (NOx ¼ 21.8 ppb; NO ¼ 16.2 ppb; and

NO2 ¼ 7.3 ppb) of the TRP difference between home and school (averaged across schools).
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these TRP can have high variability on a small spatial scale.
Therefore, children’s true exposure at school may have been
substantially different when they were outdoors exercising, a pe-
riod of likely greatest vulnerability to TRP exposure because of
increased ventilation rates and consequent increased lung dose.
If the observed associations were causal, it is likely that account-
ing for this exposure uncertainty would have resulted in a larger
estimated health effect. The use of parental stress as a proxy for
psychosocial stress in the child limits our ability to differentiate
between the effects of household and personal stress in these
children. Parental stress has been shown to be indicative of
stress in children (37, 38), and at the time of assessment of early
life stress at study enrollment, these children were too young to
provide reliable questionnaire information on their own stress
levels. Studies with longitudinal measurement of parental stress,
personal stress, and lung function measurement are needed to
clarify the role of the psychologic stressors on lung function and
lung function growth.

Findings of this study suggest that psychosocial stress may in-
crease the susceptibility of the lung to the detrimental effect of
TRP, resulting in decreased lung volume (FVC) and flow in the
larger airways (FEV1). Further research is warranted to identify
the biologic pathways involved in the augmentation of the det-
rimental effect of TRP in children exposed to household stress.
Beyond this etiologic importance, our findings also have poten-
tially important public health implications. The magnitude of
the TRP-associated deficits in FEV1 and FVC levels in children
growing up in high-stress households was larger than deficits
reported for children exposed to maternal smoking during preg-
nancy and secondhand tobacco smoke (39, 40). Hispanic white
children living in low income households have been reported to
be exposed to high levels of TRP (41) and in our sample they
also had higher levels of household stress. Therefore, these chil-
dren may be a group at particularly high risk of preventable
TRP-associated deficits in lung function. Furthermore, children
spend a substantial amount of time at school where they are also

exposed to TRP. In California, more than 10% of the public
schools are within 150 m of major roadways with more than
25,000 daily vehicular traffic (42) and a similar pattern of heavy
school-related traffic exposure has been reported in other major
metropolitan areas across the United States (43). Our findings
suggest that by regulating TRP levels around residential areas
and schools, the adverse effect of TRP on lung function among
vulnerable children could be reduced.

Author Disclosure: T.I., R.U., W.J.G., J.M., K.S., E.A., and F.G. do not have a finan-
cial relationship with a commercial entity that has an interest in the subject of this
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to examine the risk of traffic-related air pollution that resulted from a competitive
application submitted to and selected by the California State South Coast Air
Quality Management District. The award was made with funds from settlement
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References

1. Gotschi T, Heinrich J, Sunyer J, Kunzli N. Long-term effects of ambient

air pollution on lung function: a review. Epidemiology 2008;19:690–

701.

2. Holguin F. Traffic, outdoor air pollution, and asthma. Immunol Allergy

Clin North Am 2008;28:577–588. (viii–ix.).

3. McConnell R, Islam T, Shankardass K, Jerrett M, Lurmann F, Gilliland

F, Gauderman J, Avol E, Kunzli N, Yao L, et al. Childhood incident

asthma and traffic-related air pollution at home and school. Environ

Health Perspect 2010;118:1021–1026.

4. McConnell R, Liu F, Wu J, Lurmann F, Peters J, Berhane K. Asthma

and school commuting time. J Occup Environ Med 2010;52:827–828.

5. McConnell R, Berhane K, Molitor J, Gilliland F, Kunzli N, Thorne PS,

Thomas D, Gauderman WJ, Avol E, Lurmann F, et al. Dog ownership

enhances symptomatic responses to air pollution in children with

asthma. Environ Health Perspect 2006;114:1910–1915.

6. McConnell R, Berhane K, Yao L, Jerrett M, Lurmann F, Gilliland F,

Kunzli N, Gauderman J, Avol E, Thomas D, et al. Traffic, susceptibility,

and childhood asthma. Environ Health Perspect 2006;114:766–772.

7. Gauderman WJ, Vora H, McConnell R, Berhane K, Gilliland F, Thomas

D, Lurmann F, Avol E, Kunzli N, Jerrett M, et al. Effect of exposure

TABLE 4. EFFECT OF TRP ON LUNG FUNCTION MEASUREMENTS AMONG CHILDREN WITHOUT ANY HISTORY OF ASTHMA
(N ¼ 1061), STRATIFIED BY PARENTAL STRESS LEVEL (HIGH OR LOW)*

TRP Location

Main Effect %

Change (95% CI)

Low Parental Stress %

Change (95% CI)

High Parental Stress%

Change (95% CI)

Interaction

P Value

FVC

NOx Home 22.49 (24.1 to 20.9) 20.47 (22.9 to 2) 24.72 (26.9 to 22.5) 0.05

School 20.85 (23.1 to 1.4) 1.39 (21.7 to 4.6) 23.74 (26.9 to 20.4) 0.05

NO Home 22.93 (24.7 to 21.2) 20.80 (23.5 to 2) 24.94 (27.2 to 22.6) 0.06

School 21.32 (23.7 to 1.1) 1.05 (22.3 to 4.6) 24.12 (27.5 to 20.7) 0.04

NO2 Home 22.01 (23.5 to 20.5) 20.18 (22.3 to 2) 24.39 (26.6 to 22.2) 0.09

School 20.39 (22.5 to 1.8) 1.66 (21.3 to 4.7) 23.26 (26.4 to 20.1) .0.10

FEV1

NOx Home 21.88 (23.5 to 20.2) 0.59 (21.8 to, 3.1) 24.34 (26.6 to 22.1) 0.05

School 0.09 (22.2 to 2.4) 3.32 (0.1 to 6.7) 23.46 (26.7 to 20.1) 0.03

NO Home 22.24 (24 to 20.5) 0.55 (22.2 to 3.4) 24.57 (26.8 to 22.2) 0.06

School 20.23 (22.6 to 2.2) 3.37 (20.2 to 7) 23.81 (27.2 to 20.3) 0.02

NO2 Home 21.50 (23 to 0.1) 0.63 (21.6 to 2.9) 24.06 (26.3 to 21.8) 0.06

School 0.37 (21.8 to 2.6) 3.22 (0.2 to 6.4) 23.06 (26.2 to 0.2) .0.10

MMEF

NOx Home 0.24 (23.1 to 3.7) 2.33 (22.5 to 7.4) 21.31 (26.1 to 3.7) .0.10

School 2.13 (22.5 to 7) 5.43 (21 to 12.3) 20.83 (27.6 to 6.5) .0.10

NO Home 20.10 (23.7 to 3.7) 2.40 (23.1 to 8.1) 21.64 (26.5 to 3.5) .0.10

School 1.89 (23.1 to 7.1) 5.74 (21.2 to 13.2) 21.20 (28.3 to 6.4) .0.10

NO2 Home 0.32 (22.8 to 3.6) 2.12 (22.2 to 6.6) 21.35 (26 to 3.5) .0.10

School 2.12 (22.3 to 6.8) 4.93 (21.1 to 11.3) 20.72 (27.3 to 6.3) .0.10

Definition of abbreviations: CI ¼ confidence interval; MMEF ¼ FEF25–75; NO ¼ nitric oxide; NO2 ¼ nitrogen dioxide; NOx ¼ total oxides of nitrogen; TRP ¼ traffic-

related pollution.

*Models adjusted for log height and square term for log height, body mass index and square term for body mass index, sex, age, age–sex interaction, race, Hispanic

ethnicity, respiratory illness at time of lung function, field technician, and community. Percent (%) change was scaled to 2 SD (NOx ¼ 21.8 ppb; NO ¼ 16.2 ppb; and

NO2 ¼ 7.3 ppb) of the TRP difference between home and school (averaged across schools).

826 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011



to traffic on lung development from 10 to 18 years of age: a cohort

study. Lancet 2007;369:571–577.

8. McConnell R, Berhane K, Gilliland F, Molitor J, Thomas D, Lurmann F,

Avol E, Gauderman WJ, Peters JM. Prospective study of air pollution

and bronchitic symptoms in children with asthma. Am J Respir Crit

Care Med 2003;168:790–797.

9. Li N, Hao M, Phalen RF, Hinds WC, Nel AE. Particulate air pollutants

and asthma. A paradigm for the role of oxidative stress in pm-induced

adverse health effects. Clin Immunol 2003;109:250–265.

10. Salam MT, Gauderman WJ, McConnell R, Lin PC, Gilliland FD.

Transforming growth factor- 1 c-509t polymorphism, oxidant stress,

and early-onset childhood asthma. Am J Respir Crit Care Med 2007;

176:1192–1199.

11. Salam MT, Islam T, Gilliland FD. Recent evidence for adverse effects of

residential proximity to traffic sources on asthma. Curr Opin Pulm

Med 2008;14:3–8.

12. Salam MT, Lin PC, Avol EL, Gauderman WJ, Gilliland FD. Microsomal

epoxide hydrolase, glutathione s-transferase p1, traffic and childhood

asthma. Thorax 2007;62:1050–1057.

13. Clougherty JE, Kubzansky LD. A framework for examining social stress

and susceptibility to air pollution in respiratory health. Environ

Health Perspect 2009;117:1351–1358.

14. Martins MC, Fatigati FL, Vespoli TC, Martins LC, Pereira LA, Martins

MA, Saldiva PH, Braga AL. Influence of socioeconomic conditions on

air pollution adverse health effects in elderly people: an analysis of six

regions in Sao Paulo, Brazil. J Epidemiol Community Health 2004;58:

41–46.

15. Lin M, Chen Y, Villeneuve PJ, Burnett RT, Lemyre L, Hertzman C,

McGrail KM, Krewski D. Gaseous air pollutants and asthma hospi-

talization of children with low household income in Vancouver,

British Columbia, Canada. Am J Epidemiol 2004;159:294–303.

16. Epel ES. Psychological and metabolic stress: a recipe for accelerated cellular

aging? Hormones (Athens) 2009;8:7–22.

17. Miller GE, Cohen S, Ritchey AK. Chronic psychological stress and the

regulation of pro-inflammatory cytokines: a glucocorticoid-resistance

model. Health Psychol 2002;21:531–541.

18. Miller GE, Gaudin A, Zysk E, Chen E. Parental support and cytokine

activity in childhood asthma: the role of glucocorticoid sensitivity.

J Allergy Clin Immunol 2009;123:824–830.

19. Chen E, Schreier HM, Strunk RC, Brauer M. Chronic traffic-related air

pollution and stress interact to predict biologic and clinical outcomes

in asthma. Environ Health Perspect 2008;116:970–975.

20. Clougherty JE, Levy JI, Kubzansky LD, Ryan PB, Suglia SF, Canner

MJ, Wright RJ. Synergistic effects of traffic-related air pollution and

exposure to violence on urban asthma etiology. Environ Health Per-

spect 2007;115:1140–1146.

21. Clougherty JE, Rossi CA, Lawrence J, Long MS, Diaz EA, Lim RH,

McEwen B, Koutrakis P, Godleski JJ. Chronic social stress and sus-

ceptibility to concentrated ambient fine particles in rats. Environ

Health Perspect 2010;118:769–775.

22. Islam KTS, Urman R, Gauderman WJ, McConnell R. Parental stress

increases the detrimental effect of traffic-related pollutant on lung

function. Am J Respir Crit Care Med 2011;183:A5435.

23. Hewitt P, Flett G, Mosher S. The perceived stress scale: factor structure

and relation to depression symptoms in a psychiatric sample. J Psy-

chopathol Behav Assess 1992;14:247–257.

24. Milam J, McConnell R, Yao L, Berhane K, Jerrett M, Richardson J.

Parental stress and childhood wheeze in a prospective cohort study.

J Asthma 2008;45:319–323.

25. Shankardass K, McConnell R, Jerrett M, Milam J, Richardson J, Berhane

K. Parental stress increases the effect of traffic-related air pollution on

childhood asthma incidence. Proc Natl Acad Sci USA 2009;106:12406–

12411.

26. Gauderman W, Vora H, Avol E, McConnell R. Predictors of intra-

community variation in air quality. Technical Report No. 180.

Los Angeles: University of Southern California Keck School of Medi-

cine Division of Biostatistics–Research Section; 2009.

27. Gauderman WJ, Avol E, Lurmann F, Kuenzli N, Gilliland F, Peters J,

McConnell R. Childhood asthma and exposure to traffic and nitrogen

dioxide. Epidemiology 2005;16:737–743.

28. Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K,

McConnell R, Kuenzli N, Lurmann F, Rappaport E, et al. The effect

of air pollution on lung development from 10 to 18 years of age. N

Engl J Med 2004;351:1057–1067.

29. Blomberg A, Sainsbury C, Rudell B, Frew AJ, Holgate ST, Sandstrom T,

Kelly FJ. Nasal cavity lining fluid ascorbic acid concentration

increases in healthy human volunteers following short term exposure

to diesel exhaust. Free Radic Res 1998;28:59–67.

30. Pourazar J, Mudway IS, Samet JM, Helleday R, Blomberg A, Wilson SJ,

Frew AJ, Kelly FJ, Sandstrom T. Diesel exhaust activates redox-

sensitive transcription factors and kinases in human airways. Am J

Physiol Lung Cell Mol Physiol 2005;289:L724–L730.

31. Diaz-Sanchez D, Penichet-Garcia M, Saxon A. Diesel exhaust particles

directly induce activated mast cells to degranulate and increase his-

tamine levels and symptom severity. J Allergy Clin Immunol 2000;106:

1140–1146.

32. Nel A. Atmosphere. Air pollution-related illness: effects of particles.

Science 2005;308:804–806.

33. Wheeler BW, Ben-Shlomo Y. Environmental equity, air quality, socio-

economic status, and respiratory health: a linkage analysis of routine

data from the health survey for England. J Epidemiol Community

Health 2005;59:948–954.

34. O’Neill MS, Jerrett M, Kawachi I, Levy JI, Cohen AJ, Gouveia N,

Wilkinson P, Fletcher T, Cifuentes L, Schwartz J. Health, wealth, and

air pollution: advancing theory and methods. Environ Health Perspect

2003;111:1861–1870.

35. Kullowatz A, Rosenfield D, Dahme B, Magnussen H, Kanniess F, Ritz

T. Stress effects on lung function in asthma are mediated by changes

in airway inflammation. Psychosom Med 2008;70:468–475.

36. Bailey MT, Kierstein S, Sharma S, Spaits M, Kinsey SG, Tliba O,

Amrani Y, Sheridan JF, Panettieri RA, Haczku A. Social stress

enhances allergen-induced airway inflammation in mice and inhibits

corticosteroid responsiveness of cytokine production. J Immunol

2009;182:7888–7896.

37. Alpern L, Lyons-Ruth K. Preschool children at social risk: chronicity

and timing of maternal depressive symptoms and child behavior

problems at school and at home. Dev Psychopathol 1993;5:371–387.

38. Hodges WF, London J, Colwell JB. Stress in parents and late elementary

age children in divorced and intact families and child adjustment.

J Divorce & Remarriage 1990;14:63–80.

39. Cook DG, Strachan DP, Carey IM. Parental smoking and spirometric

indices in children. Thorax 1998;53:884–893.

40. Moshammer H, Hoek G, Luttmann-Gibson H, Neuberger MA, Antova

T, Gehring U, Hruba F, Pattenden S, Rudnai P, Slachtova H, et al.

Parental smoking and lung function in children: an international

study. Am J Respir Crit Care Med 2006;173:1255–1263.

41. Gunier RB, Hertz A, von Behren J, Reynolds P. Traffic density in Cal-

ifornia: socioeconomic and ethnic differences among potentially ex-

posed children. J Expo Anal Environ Epidemiol 2003;13:240–246.

42. Green RS, Smorodinsky S, Kim JJ, McLaughlin R, Ostro B. Proximity of

California public schools to busy roads. Environ Health Perspect 2004;

112:61–66.

43. Appatova A, Ryan P, LeMasters G, Grinshpun S. Proximal exposure of

public schools and students to major roadways: a nationwide US

survey. J Environ Plann Manage 2008;51:631–646.

Islam, Urman, Gauderman, et al.: Stress, Traffic, and Lung Function 827


	link2external
	link2external
	link2external

