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In utero smoke exposure and impaired response to inhaled
corticosteroids in children with asthma
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Background: Few studies have examined the effects of in utero
smoke exposure (IUS) on lung function in children with asthma,
and there are no published data on the impact of IUS on
treatment outcomes in children with asthma.
Objectives: To explore whether IUS exposure is associated with
increased airway responsiveness among children with asthma
and whether IUS modifies the response to treatment with
inhaled corticosteroids (ICSs).
Methods: To assess the impact of parent-reported IUS exposure
on airway responsiveness in childhood asthma, we performed a
repeated-measures analysis of methacholine PC20 data from the
Childhood Asthma Management Program, a 4-year,
multicenter, randomized, double-masked, placebo-controlled
trial of 1041 children age 5 to 12 years comparing the long-term
efficacy of ICS with mast cell stabilizing agents or placebo.
Results: Although improvement was seen in both groups,
children with asthma and IUS exposure had on average 26%
less of an improvement in airway responsiveness over time
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compared with unexposed children (P 5 .01). Moreover, while
children who were not exposed to IUS who received budesonide
experienced substantial improvement in PC20 compared with
untreated children (1.25-fold increase; 95% CI, 1.03-1.50;
P 5 .02), the beneficial effects of budesonide were attenuated
among children with a history of IUS exposure (1.04-fold
increase, 95% CI, 0.65-1.68; P 5 .88).
Conclusion: In utero smoke exposure reduces age-related
improvements in airway responsiveness among children with
asthma. Moreover, IUS appears to blunt the beneficial effects of
ICS use on airways responsiveness. These results emphasize the
importance of preventing this exposure through smoking
cessation counseling efforts with pregnant women. (J Allergy
Clin Immunol 2010;nnn:nnn-nnn.)

Key words: Asthma, in utero smoke exposure, airway responsive-
ness, inhaled corticosteroids

Exposure to cigarette smoke during fetal development is
harmful to children. In utero smoke exposure (IUS) increases
the risk of obstetric complications (eg, abruptio placentae, prema-
ture birth, intrauterine growth restriction) and sudden infant death
syndrome. Prenatal smoke exposure has also been shown to be
associated with decreased cognitive development and school per-
formance and an increased risk of behavioral and psychiatric
difficulties.1,2

There is compelling evidence that IUS results in significant
respiratory sequelae as well, which can manifest early in life.
Reductions in forced expiratory flows, tidal flow-volume ratios,
and respiratory compliance have been observed in healthy
newborns of mothers who smoked during pregnancy.3-5 Similar
reductions in peak expiratory flows6 and small airway flows6,7

have been observed in school-age children, suggesting a long-
term impact of IUS on pulmonary function. An analysis of pooled
data from several international studies demonstrated an increased
risk of poor lung function among children exposed to IUS, even
after adjustment for current exposure to environmental tobacco
smoke (ETS).7 IUS has also been associated with an increased
risk of recurrent wheeze8 and incident asthma at school age9-11

and in adulthood.12

In contrast with numerous population-based studies about the
effects of IUS on lung function in infants and children, only
1 study has specifically examined the effects of IUS on the lung
function of children already diagnosed with asthma. Data from
5933 participants in the California Children’s Health Study
showed that children and adolescents who were diagnosed with
1
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orced vital capacity
IUS: I
n utero smoke exposure
asthma before age 5 years and who had been exposed to IUS had
greater deficits in FEV1/forced vital capacity (FVC), forced expi-
ratory flow at 25% to 75% of FVC, and forced expiratory flow at
25% to 75% of FVC/FVC than unexposed children with asthma.13

Importantly, there are no published data regarding the impact of
IUS on airway responsiveness or treatment outcomes in children
with asthma.

Here we assess the relationship between IUS and subsequent
airway responsiveness in a cohort of children age 5 to 12 years
with well established mild to moderate persistent asthma who
participated in a randomized, placebo-controlled trial that
evaluated the long-term efficacy and safety of inhaled anti-
inflammatory medications. This study design provides a unique
opportunity to explore whether in utero tobacco smoke exposure
attenuated the beneficial effect of inhaled steroids that was seen
overall among study participants.14 We demonstrate that IUS
has a substantial detrimental impact on responsiveness to inhaled
corticosteroid therapy.
METHODS
Details of the Childhood Asthma Management Program (CAMP) trial have

been described elsewhere.15,16 Briefly, CAMP is a multicenter, randomized,

double-masked clinical trial to compare the long-term effectiveness and safety

of 3 inhaled treatments for asthma: budesonide, nedocromil, and placebo.

CAMP enrolled 1041 children age 5 to 12 years with mild-moderate asthma

at 8 clinical centers between December 1993 and September 1995. Asthma

was defined by the presence of asthma symptoms or the use of an inhaled bron-

chodilator at least twice per week or use of a daily asthma medication for the 6

months before the screening interview. All participants had increased airway

responsiveness to methacholine (PC20 <_ 12.5 mg/mL) at study entry. Children

were excluded if they had severe asthma or other active sinopulmonary

disease. Each parent or guardian signed a consent form, and each participant

7 years of age and older signed an assent form approved by each clinical cen-

ter’s institutional review board.

Information regarding in utero tobacco smoke exposure was obtained dur-

ing the baseline medical interview, which was nearly always completed by the

mothers of CAMP participants. Children were considered to have IUS expo-

sure if respondents answered affirmatively to the question, ‘‘Did this child’s

mother smoke while she was pregnant with this child?’’ Information about

current ETS exposure was obtained during follow-up interviews with the ques-

tion, ‘‘Do any caretakers of the child currently smoke cigarettes?’’

Of the 1041 participating children, 311 were assigned to receive budesonide

(200 mg twice daily; Turbuhaler; AstraZeneca, Westborough, MA), 312 were

assigned to receive nedocromil sodium (8 mg twice daily; Tilade; Rhone-

Poulenc Rorer, Collegeville, Pa), and 418 were assigned to receive a matching

placebo. Albuterol (two 90-mg actuations from a metered-dose inhaler; Vento-

lin; Glaxo Wellcome, Research Triangle Park, NC) was used as needed for

symptoms of asthma and to prevent exercised-induced bronchospasm.

Spirometry, both before and after the administration of a bronchodilator,

was performed twice per year. A methacholine challenge was performed at

baseline (after a 28-day washout period during which no participants were

taking inhaled steroids) and then annually during the treatment phase, using

the Wright nebulizer–tidal breathing technique, at least 4 hours after the last

use of a short-acting bronchodilator and at least 24 hours after the last use of a

long-acting bronchodilator. After a control diluent challenge, nine doubling
doses of methacholine were nebulized for 2 minutes each at 5-minute

intervals. Spirometry was performed 90 seconds after each challenge until

FEV1 had fallen by 20% or more. Methacholine challenge was not performed

within 28 days of an upper respiratory tract infection or the use of prednisone

for exacerbations of asthma. The child’s height and weight were recorded at

every visit.

The distribution of PC20 at each visit was skewed, with a long right tail.

PC20 was therefore natural log–transformed for all regression analyses. Lon-

gitudinal regression was performed to test the association between IUS and

PC20 before and after adjustment for potential confounders and to distinguish

interindividual changes in PC20 from within-subject change. We developed

random-effects models using SAS PROC MIXED (SAS Institute, Cary,

NC), related log-transformed PC20 to the aforementioned effects, and

accounted for associated time observations within a patient. Components of

variability were a random intercept supplemented with a serial correlation.

Longitudinal analysis with PROC MIXED was also used to test the effect of

treatment group assignment (budesonide vs nedocromil or placebo) on PC20

after stratification by IUS status.
RESULTS
All children with asthma in CAMP (n 5 1041) had baseline

methacholine challenge tests. Methacholine challenge testing
was completed for 92%, 90%, 85%, and 82% of the cohort at 8,
20, 32, and 44 months after randomization, respectively. Baseline
characteristics were generally similar between children with and
without methacholine challenge data at 44 months. Children who
were missing PC20 measurements were more likely to have been
recruited from 3 of the clinical sites (Albuquerque, Boston, Seat-
tle), to have come from families with lower household income,
and to have mothers with a history of either asthma or smoking
during pregnancy. Baseline median natural logarithm PC20 was
similar between groups (Wilcoxon rank sum P values > .30).17

Of the 1041 participants, 5 subjects were missing IUS data and
were therefore excluded from analyses. One hundred fifty (14%)
had reported exposure to IUS (Table I). One hundred nine
children (73% of those exposed) had IUS exposure during all 3
trimesters. Exposed children were more likely to have mothers
without any college education (P < .001) and subsequent expo-
sure to ETS than children not exposed to IUS (P < .001). The char-
acteristics of the 2 groups at baseline, including spirometry and
PC20, were otherwise similar.

A repeated-measures analysis of methacholine PC20 data col-
lected over the 44 months of the CAMP clinical trial found, as pre-
viously reported,17 that parental history of asthma, total serum
IgE, and lung function were associated with increased airway re-
sponsiveness, both at baseline (before treatment randomization)
and over the 44 months of observation. Although current ETS
exposure was associated with increased airway responsiveness
at baseline, this relationship did not remain significant over
time. Baseline PC20 (before the initiation of treatment) did not
differ between children who were and were not exposed to IUS
(P 5 .89), and there was improvement in the median PC20 in all
treatment groups over time, regardless of IUS exposure. However,
children in all treatment groups exposed to IUS demonstrated sig-
nificantly less improvement in airway hyperresponsiveness than
children who were not exposed, demonstrating a mean change
in PC20 that was 26% lower than that of nonexposed children
(95% CI, 6% to 42%; P 5 .01). Similar results were obtained after
adjustment for environmental tobacco exposure, height, and lung
function (both at baseline and over the course of the trial), sug-
gesting an independent effect of IUS on airway responsiveness



TABLE I. Characteristics of the study population*

Variable

Not exposed to in utero

smoke (n 5 886), no. (%)

Exposed to in utero

smoke (n 5 150), no. (%) P valuey

Sex, female 356 (40.2) 61 (40.7) .91

Current ETS exposure

8 Months postrandomization 177 (20.6) 101 (69.7) <.0001

20 Months postrandomization 170 (20.1) 106 (73.6) <.0001

32 Months postrandomization 160 (19.1) 95 (68.8) <.0001

44 Months postrandomization 152 (18.2) 93 (69.9) <.0001

Maternal history of asthma 232 (26.8) 30 (20.8) .13

Paternal history of asthma 182 (21.6) 26 (20.0) .67

Assigned to treatment group .26

Budesonide 271 (30.6) 39/150 (26)

Nedocromil/placebo 615 (69.4) 111/150 (74)

Clinic site .41

Albuquerque 103 (11.6) 17 (11.3)

Baltimore 106 (12.0) 22 (14.7)

Boston 105 (11.9) 19 (12.7)

Denver 118 (13.3) 26 (17.3)

San Diego 111 (12.5) 11 (7.3)

Seattle 119 (13.4) 21 (14.0)

St Louis 119 (13.4) 14 (9.3)

Toronto 105 (11.9) 20 (13.3)

Income <$30,000 186 (21.9) 55 (37.9) <.0001

Maternal education: > some college 756 (85.4) 95 (63.3) <.0001

Median (interquartile range) values at baseline

No IUS IUS P valuez

Age at study entrance (y) 8.9 (3.4) 8.7 (3.4) .39

FEV1 (% predicted) 94 (18) 95 (16) .52

FEV1/FVC 81 (11) 81 (9) .14

Serum total IgE (IU) 460 (1057) 368 (921) .05

PC20 (mg/mL) 1.1 (2.3) 1.1 (1.8) .89

Height (cm) 132.8 (20.7) 131.2 (21.3) .13

*Numbers and percentages may vary because of missing values for some variables.

�x2 P value.

�Kruskal-Wallis P value.

TABLE II. Effects of IUS on postrandomization repeated

measures of methacholine PC20*z

Variable

Fold-change in

PC20 (95% CI)y P value

IUS (yes) 0.74 (0.58-0.94) .01

Age (per year increase) 0.91 (0.86-0.95) .04

Female sex (yes) 0.94 (0.79-1.10) .40

Maternal history of asthma (yes) 0.83 (0.69-0.99) .04

Paternal history of asthma (yes) 0.80 (0.66-0.97) .02

ETS exposure (yes)* 0.99 (0.87-1.13) .89

Treatment with budesonide (yes) 1.26 (1.06-1.50) .01

FEV1 (per L increase)* 2.90 (2.44-3.46) <.001

Height (per cm increase)* 0.98 (0.97-0.99) <.001

Total serum IgE at baseline

(per log10 IU increase)

0.45 (0.40-0.51) <.001

Boldface values highlight the exposure of interest in our multivariable model.

*Measured at each study visit

�Fold-change in methacholine PC20 as determined from exponential of b-estimate

derived from multivariate linear regression, adjusting for other covariates in table.

�Multivariable mixed models assumed an unstructured, autoregressive covariance and

were also adjusted for study center.
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(Table II). Although there were significant differences in house-
hold income and maternal education level between those exposed
and unexposed to IUS, inclusion of these terms in multivariable
models did not change the results; these terms were not included
in final models.

As previously reported,14,17 children randomized to budeso-
nide (an inhaled corticosteroid) demonstrated a substantial
improvement in airway hyperresponsiveness over the course of
the CAMP clinical trial compared with children randomized to ei-
ther inhaled nedocromil or placebo. The association between IUS
and greater airway hyperresponsiveness after but not before (at
baseline) treatment randomization suggested that IUS may alter
responsiveness to inhaled corticosteroids—the primary recom-
mended treatment for persistent asthma.18 To explore this possi-
bility, we assessed the impact of inhaled corticosteroids on
airway responsiveness in an analysis stratified by IUS status.
Whereas children who had no history of IUS derived a substantial
benefit from budesonide treatment on airway responsiveness over
time compared with nedocromil or placebo (25% increase, ie,
improvement, in PC20 from baseline; 95% CI 3%-50%; P 5

.02; Table III; Fig 1, A), children exposed to IUS had a severely
blunted response to inhaled budesonide, with no discernible dif-
ference in improvement in PC20 compared with nedocromil or
placebo (P 5 .88; Table III; Fig 1, B). This effect persisted after
adjustment for height, current lung function, and current ETS
exposure. We attempted to test the statistical significance of this
differential effect of IUS on treatment response by repeating the
original longitudinal analysis with the inclusion of an interaction
term for treatment arm by IUS over time. The 3-way interaction



TABLE III. The impact of IUS exposure on responsiveness of methacholine PC20 to treatment with inhaled budesonidek§
IUS 5 No (n 5 886) IUS 5 Yes (n 5 150)

Fold-change in PC20 (95% CI)z P value Fold-change in PC20 (95% CI)z P value

Treatment with budesonide (yes) 1.25 (1.03-1.50) .02 1.04 (0.65-1.68) .88

FEV1 (per L increase)* 2.97 (2.46-3.59) <.001 3.16 (1.98-5.02) <.001

Height (per cm increase)* 0.97 (0.97-0.98) <.001 0.96 (0.94-0.98) <.001

Maternal history of asthma (yes) 0.82 (0.68-1.00) .05 0.82 (0.48-1.4) .64

Paternal history of asthma (yes) 0.72 (0.59-0.89) .003 1.72 (1.02-2.92) .07

Total serum IgE at baseline (per log10 IU increase) 0.43 (.030-0.63) <.001 0.44 (0.32-0.61) <.001

Clinic of origin <.001� .05�
Current ETS exposure (yes) 0.96 (0.83-1.11) .65 0.96 (0.70-1.32) .81

*Assessed at each study visit.

�F test P value.

�Fold-change in methacholine PC20 as determined from exponential of b-estimate derived from multivariate linear regression, adjusting for other covariates in table.

§Multivariable mixed models assumed an unstructured, autoregressive covariance.

kP value for 3-way interaction IUS*treatment with budesonide*time 5 .78. Model also includes interaction terms for IUS*treatment with budesonide, IUS*time, treatment with

budesonide*time.

FIG 1. Effects on longitudinal methacholine PC20 attributable to treatment

with either budesonide or nedocromil/placebo postrandomization among

(A) those without IUS and (B) those with IUS.

J ALLERGY CLIN IMMUNOL

nnn 2010

4 COHEN ET AL

ARTICLE IN PRESS
term of IUS*treatment group*time was significant (P value test
for interaction, .02), although on inclusion of second-order terms
(IUS*treatment, IUS*time, and treatment*time), this interaction
term was no longer significant (P 5 .78), most likely because
of the small number of subjects exposed to IUS who were ran-
domized to the budesonide treatment arm (n 5 39).
DISCUSSION
Inhaled corticosteroids are both commonly prescribed and

efficacious for the treatment of asthma in children and adults.
They have been shown to reduce airway responsiveness, asthma
symptoms, need for breakthrough bronchodilator therapy, and
exacerbation rates.14,19 However, there is considerable between-
subject variability in clinical response to inhaled corticosteroids,
including patients who manifest partial to substantial steroid
resistance necessitating escalation of treatment dose.20 Though
there is evidence that a proportion of this variability has a genetic
basis,21 other factors may be at play.

We here demonstrate for the first time that in utero tobacco
smoke exposure may be an important determinant of responsive-
ness to inhaled corticosteroids. In our study, a history of IUS con-
ferred near complete resistance to inhaled corticosteroid
treatment, whereas children without such exposure demonstrated
marked improvements. We also found a differential effect for pa-
ternal history of asthma between IUS-exposed and unexposed
groups (P 5 .005). The importance of a paternal history of asthma
on airway responsiveness has been reported in a previous article.17

Our current findings may be indicative of additional gene-by-
environment effects; however, we are unable to examine this fur-
ther in multivariable models because of sample size limitations.

Although the precise mechanisms underlying our findings are
not yet known, the observation that airway responsiveness was
similar between exposure groups before treatment but different
thereafter suggests that the initiation of therapy with inhaled
corticosteroids can differentiate clinical subgroups of children
with asthma and underlying differences in lung structure that
result from IUS. Studies of animal and human lung morphology
support the notion that IUS causes structural changes in the lung.
Sekhon et al22 have demonstrated that nicotine crosses the pla-
centa and induces increased connective tissue expression within
pulmonary vessels, resulting in notable impairment of lung func-
tion in newborn rhesus monkeys.23 This group also found de-
creased alveolar airspace complexity and increased expression
of nicotinic cholinergic receptors in airway epithelial cells,
smooth muscle cells, and blood vessels in rhesus monkeys
exposed to IUS. Nicotinic receptor expression was strongly
correlated with increased collagen deposition in cartilaginous air-
ways of these monkeys.24 Prenatal nicotine exposure stimulates
branching morphogenesis in murine lung explants, potentially
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contributing to disynaptic lung growth.25 Postmortem studies in
infants provide further evidence of the adverse effects of IUS
on airway morphology. In a study of airway morphology in 38 in-
fants who died from sudden infant death syndrome (half of whom
were exposed to IUS), IUS was associated with increased inner
airway wall thickness.26 Similar studies have demonstrated an
association between IUS and increased alveolar attachments
distance,27 a finding previously associated with reduced elastic
recoil.28

In addition to affecting lung structure, the effects of in utero
tobacco smoke exposure on airway responsiveness may be a re-
sult of changes in airway smooth muscle physiology. Singh
et al29 demonstrated airway hyperresponsiveness in mice exposed
to IUS that was not a result of differences in airway inflammation.
Lavage fluid from these mice contained decreased levels of cyclic
adenosine monophosphate—a potent airway smooth muscle
relaxant—compared with IUS-unexposed mice. IUS-induced re-
ductions in cyclic adenosine monophosphate could also influence
response to inhaled corticosteroids in other ways, because cyclic
adenosine monophosphate is an inhibitor of T-cell chemotaxis
and may inhibit airway remodeling. It is also possible that the im-
pact of cigarette smoke exposure on subsequent glucocorticoid
responsiveness is indirectly mediated through increased suscepti-
bility to lower respiratory tract infections in early life, which in
turn contribute to airway remodeling, as proposed by Piedi-
monte30 and others.31 Testing of this hypothesis in prospective
birth cohorts with accurate assessments of early-life respiratory
infections would help clarify this possibility.

The CAMP study was primarily designed to assess the primary
effects of inhaled anti-inflammatory medication on lung function
in children with asthma, not to evaluate specifically the effects of
in utero exposures on treatment response. Thus, it is important to
consider whether our findings could be explained by design-
related biases. Three major issues of concern are statistical power,
exposure misclassification, and residual confounding by both cur-
rent ETS exposure and differences in adherence between IUS-
exposed and unexposed children. Of the 150 children with re-
ported IUS, only 39 were randomized to budesonide. Therefore,
we first assessed whether our inability to detect improvement in
airway responsiveness among children exposed to IUS was a re-
sult of low statistical power. This is unlikely because although low
power may limit our ability to detect a statistical difference be-
tween treatment arms, the observed mean difference in response
in the exposed group (as reflected in the fold changes in PC20 in
Table III) was a fraction of that observed in the unexposed group.
Furthermore, there was a protocol in place for open-label rescue
use of inhaled beclomethasone. By the end of the clinical trial,
both the nedocromil and placebo groups had significantly more
rescue use of beclomethasone than the budesonide groups.14

This disproportionate use of supplemental ICS by the nonbudeso-
nide groups would be expected to reduce the likelihood that we
would detect a difference between treatment arms. With regard
to exposure misclassification, we recognize that IUS designation
was based on self-report. Though several studies support the
higher accuracy of self-reported smoking during pregnancy com-
pared with other detection methods (ie, serum cotinine,32 urine
cotinine,33,34 and exhaled carbon monoxide35), others suggest
that self-report underestimates the true prevalence of smoking
during pregnancy.36-38 It is therefore possible that exposure mis-
classification was underestimated, particularly given that ques-
tionnaires were administered 5 to 12 years postpartum. If so,
we may have underestimated the true effect of IUS on airway
responsiveness.

Could our results be caused by residual confounding by ETS
exposure rather than primary in utero effects? Because the major-
ity of subjects with a history of IUS also report current exposure to
cigarette smoke, it is not possible to exclude this possibility fully.
However, in our study, models that do not adjust for IUS fail to
demonstrate a significant association of current exposure with
PC20 (P 5 .89 in multivariable models adjusted for IUS and .38
in multivariable models not adjusted for IUS). Although this is
somewhat reassuring, we recognize that confirmation of our find-
ings in other populations with sufficient numbers of subjects with
in utero, but not current, smoke exposure is required. We also note
that we were unable to explore a possible dose-response relation-
ship because for most IUS-exposed subjects, the exposure was
present for all 3 trimesters. An additional outstanding question
is whether children exposed to IUS were also more likely to be
noncompliant with daily inhaled corticosteroids. Unfortunately,
we do not have sufficient data available to us to compare adher-
ence between the IUS-exposed and unexposed groups. However,
we note that we did not see significant differences between those
subjects exposed to ETS and those without such exposure with
regard to treatment effect on airway hyperresponsiveness. One
might expect that adherence would similarly be a confounder
among that subgroup as well.

In summary, this study demonstrates for the first time that IUS
has the potential to attenuate the beneficial effect of inhaled
corticosteroids on airways responsiveness in children with
asthma. These results provide further reasons for physicians to
emphasize the importance of preventing this exposure through
smoking cessation counseling efforts with pregnant women.

Further study is needed to define the mechanism of action of
this exposure as well as to elucidate the effect of IUS on other
measures of airway responsiveness including response to
bronchodilators.
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Key messages

d In utero smoke exposure has been associated with
increased prevalence of asthma and reduced lung
function in healthy children. There are few data about
the impact of IUS on lung function of children diagnosed
with asthma.

d In utero smoke exposure is associated with less of an
improvement in airway responsiveness over time among
children with asthma.

d In utero smoke exposure may attenuate the beneficial
effect of ICSs among children with asthma.
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