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0BJECTIVES: Maternal smoking during pregnancy is an established risk factor for sudden
unexpected infant death (SUID). Here, we aim to investigate the effects of maternal
prepregnancy smoking, reduction during pregnancy, and smoking during pregnancy on
SUID rates.

meTHoDS: We analyzed the Centers for Disease Control and Prevention Birth Cohort Linked
Birth/Infant Death Data Set (2007-2011: 20 685 463 births and 19 127 SUIDs). SUID was
defined as deaths at <1 year of age with International Classification of Diseases, 10th Revision
codes R95 (sudden infant death syndrome), R99 (ill-defined or unknown cause), or W75
(accidental suffocation or strangulation in bed).

resuLts: SUID risk more than doubled (adjusted odds ratio [aOR] = 2.44; 95% confidence
interval [CI] 2.31-2.57) with any maternal smoking during pregnancy and increased twofold
between no smoking and smoking 1 cigarette daily throughout pregnancy. For 1 to 20
cigarettes per day, the probability of SUID increased linearly, with each additional cigarette
smoked per day increasing the odds by 0.07 from 1 to 20 cigarettes; beyond 20 cigarettes, the
relationship plateaued. Mothers who quit or reduced their smoking decreased their odds
compared with those who continued smoking (reduced: aOR = 0.88, 95% CI 0.79-0.98; quit:
aOR = 0.77, 95% CI 0.67-0.87). If we assume causality, 22% of SUIDs in the United States can
be directly attributed to maternal smoking during pregnancy.

concLusions: These data support the need for smoking cessation before pregnancy. If no women

smoked in pregnancy, SUID rates in the United States could be reduced substantially.
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WHAT’S KNOWN ON THIS SUBJECT: Approximately 3500
infants <1 year old die suddenly and unexpectedly each
year in the United States. Previous research has revealed
that maternal smoking during pregnancy is a known risk
factor for sudden unexpected infant death (SUID).

WHAT THIS STUDY ADDS: In this retrospective cross-
sectional analysis (20685463 births and 19 127 SUIDs),
we use advanced modeling techniques to quantitatively
determine the effects of maternal smoking, smoking
cessation, and smoking reduction in pregnancy on SUID
rates with much higher resolution than previous studies.
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In the United States, >3700 infants
die annually from sudden unexpected
infant death (SUID), which includes
sudden infant death syndrome (SIDS),
accidental suffocation and
strangulation in bed, and ill-defined
causes.' Multiple epidemiologic
studies have shown a strong
relationship between maternal
smoking and SIDS. Researchers of
1 meta-analysis reported a pooled
risk associated with maternal
prenatal smoking of nearly fourfold
(risk ratio = 3.9; 95% confidence
interval [CI] 3.8-4.1). Odds ratios
(unadjusted) associated with
postnatal maternal smoking

range from 1.47 to 6.56.” There are
dose-dependent relationships
between SIDS rates and both the
number of cigarettes smoked
prenatally®™ and duration of
smoke exposure postnatally.®”’
Moreover, there is compelling
evidence that maternal smoking
may play a causal role in SIDS
deaths.”®

Substantial work has been
undertaken to understand the
pathophysiology underlying this
increased risk of sudden infant death.
Abnormalities in major
neurotransmitters, including
serotonin and their receptors, have
been well documented in the
brainstems of SIDS infants,®**
experimental data supporting
nicotine’s effects on respiration,
autonomic regulation,
chemosensitivity, sleep, and
arousal.'*'” Maternal smoking has
been linked to serotonergic
abnormalities in important brainstem
nuclei of SIDS infants."®!° In

animal models, nicotine increases
serotonin release and alters the
firing of serotonergic neurons in

a dose-dependent manner.?%?*
Serotonergic neuronal development
may be disrupted by maternal
smoking as early as the first
trimester.*1%22

with

Many conclude that maternal
smoking is the strongest prenatal

modifiable risk factor for SIDS in
industrialized nations.?*~%° Although
previous research has focused on the
association between pre- or postnatal
smoking and sudden infant death,
these studies have given limited
attention to diagnostic preferences as
they affect measured outcomes.?®?’
Additionally, only 1 published study
has provided details about
prepregnancy smoking.28 Here, we
use national vital statistics data®® and
a logistic regression modeling
approach to analyze maternal
smoking behavior during pregnancy
for all 2007-2011 US live births
with complete smoking

information (~12 million births),
using higher resolution than
previous studies and expanding the
analysis to the 3 major causes of
SUID. Additionally, beginning in
2011, this data set recorded the
number of cigarettes that mothers
smoked in the 3 months
prepregnancy. We thus analyzed
maternal smoking and the risk of
SUID by trimester by daily cigarette
consumption, prepregnancy

smoking levels, smoking

reduction or cessation during
pregnancy, and individual
International Classification of
Diseases, 10th Revision (ICD-10) cause
of death to estimate population-
attributable risk.

METHODS

Study Design and Population

We conducted a retrospective, cross-
sectional study to assess the
relationship between SUID and self-
reported maternal smoking before
and during pregnancy, using data
from the Centers for Disease Control
and Prevention (CDC) Birth Cohort
Linked Birth/Infant Death Data Set
for births between 2007 and 2011.%°
This data set does not include
details about the frequency of
autopsy or death scene investigation,
although autopsy is an element of
diagnostic criteria in SIDS.

We defined a SUID case as an infant
(<365 days old) death with the
following ICD-10 codes: R95

(SIDS), R99 (ill-defined and
unknown cause), or W75
(accidental suffocation or
strangulation in bed).

The analysis of the effects of maternal
smoking before pregnancy was
conducted by using only births in
2011 (3134 781 total births,

2585 SUIDs; SUID rate 0.83 per 1000
live births), the first year the

CDC reported on the number of daily
cigarettes smoked in the 3 months
before pregnancy.

We used the complete set of

20 685463 births and 19127 deaths
and dichotomous smoking data
(smoking versus no smoking)

to estimate the number of

deaths attributable to prenatal
smoking.

Covariates

In this study, we aimed to make an
inference regarding the effect of
maternal prenatal smoking on SUID
risk. We used regression adjustment
of potential confounding variables

to decrease bias and to improve

the precision of estimates in the
smoking-SUID association. On the
basis of these calculations, we used
the following covariates in all
adjusted analyses: mother’s and
father’s race and/or ethnicity/
Hispanic origin, mother’s and father’s
age, mother’s marital status, mother’s
education, live birth order, number
of prenatal visits, gestational

length (weeks), delivery method
(vaginal or cesarean), infant sex, and
birth weight.

Statistical Analysis

To understand the relationship
between the reported average
number of cigarettes smoked per day
and risk of SUID, we developed

both a logistic regression model

and a generalized additive

model (GAM). CDC data include
dichotomous data about maternal
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smoking (yes or no) for all births and
also include daily number of
cigarettes for 60% of births. To
ensure that the data were consistent
and that there was no bias effect, both
sets of data were used to calculate
adjusted odds ratios (aORs). The
logistic regression model used the
average number of cigarettes in the 3
trimesters as the predictor of primary
interest, which was coded as

a categorical variable, whereas the
GAM used the same variable as the
predictor of interest but coded as

a continuous numerical variable.

All logistic regression and

GAM models were adjusted for
covariates.

Using 2011 data and a logistic
regression model, we assessed the
increased risk from prepregnancy
smoking using a variable that
identified the smoking habits before
and during pregnancy. We then used
3 logistic regression models to
understand the effects of smoking in
each trimester. The models were
similar to the GAM, except that

the daily number of cigarettes
smoked in the 3 trimesters

were modeled independently
instead of averaging across all

3 trimesters.

We also examined the reduction in
SUID risk when mothers quit or
reduced the amount smoked
compared with smokers who did not
quit or reduce smoking during
pregnancy. A new categorical variable
was created to identify the mothers
who smoked in the first trimester and
then quit, reduced, or continued the
number of daily cigarettes in later
trimesters. If the number of cigarettes
by the third trimester was 0, the
mother was defined as having quit. If
the number of total daily cigarettes in
the second and third trimesters was
less than the daily number of
cigarettes in the first trimester
multiplied by 2, the mother was
categorized as a reduced smoker;
those who continued to smoke the
same amount (or more) were defined
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TABLE 1 a0ORs of SUID for 0—20 Cigarettes

No. Daily Cigarettes Odds Ratio 95% Cl
Lower Bound Upper
Bound
0 1 — —
1 1.98 173 2.28
3 2 18 222
6 2.35 211 2.56
10 2.69 2.5 2.98
13 2.83 243 3.24
20 317 287 3.51

a0Rs of SUID by average number of cigarettes (0-20) smoked daily during pregnancy. —, not applicable.

as continued smokers. In the model,
we controlled for covariates and total
number of cigarettes smoked during
pregnancy.

To differentiate between SUID
subcategories (R95, R99, and W75)
and non-SUID causes of death, we
developed separate logistic
regression models to estimate the
risk of each cause of death
independently.

For estimating the proportion of SUID
cases attributable to smoking, we
used the same logistic regression
model with a database in which all
mothers were artificially set as
nonsmokers.>° By assuming
causation, the difference between
the result of this model and

actual SUID rates is the proportion of
deaths that can be attributed to
smoking.

RESULTS

We investigated 20 685 463 births
and 19 127 SUIDs during the years
2007-2011 (SUID rate 0.92 in 1000
live births). Of the births, 12417 813
had complete prenatal smoking
information, and of these cases,

10 737 met the SUID definition. In
2011, 11.5% of mothers smoked in
the 3 months before pregnancy, and
8.9% smoked during pregnancy;
24.3% of smokers who smoked
prepregnancy quit before the first
trimester.

By using a dichotomous variable of
smoking (yes or no), SUID risk more
than doubled (aOR = 2.44; 95% CI

2.31-2.57) with any maternal
smoking during pregnancy. The aOR
was similar when calculated for
cases in which there were data on
number of cigarettes smoked during
pregnancy (aOR = 2.40; 95% CI
2.23-2.59).

There was a positive correlation
between average number of daily
cigarettes during pregnancy and the
risk of SUID (Table 1). This
correlation was similar for each
trimester when modeled
independently (Fig 1), but the
average number of cigarettes in the 3
trimesters together provided greater
predictive power (Supplemental Fig 4
). There was a twofold-increased
SUID risk between no smoking and
smoking 1 cigarette daily throughout
pregnancy (aOR = 1.98; 95% CI,
1.73-2.28). For 1 to 20 cigarettes per
day, the probability of SUID
increased linearly, with each
additional cigarette smoked per day
increasing the odds by 0.07 (aOR =
0.07 X number of daily cigarettes +
1.91) (Supplemental Fig 4). In the
GAM, we observed the same twofold
increase for smoker versus
nonsmoker (aOR = 1.96; 95% CI
1.72-2.23), a linear relationship in
SUID risk for 1 to 20 cigarettes, and
a flattening of the curve after 20+
daily cigarettes with much wider Cls
because of fewer cases (Fig 2). For
the population mode, between 1 and
20 cigarettes, the line fitted on the
results of both logistic regression and
GAM were the same (aOR = 0.07 X
number of cigarettes +1.91).
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FIGURE 1

a0Rs of SUID given the average number of cigarettes (between 1 and 20) smoked daily by the mother

per trimester.

Of mothers who smoked during
pregnancy, 55% did not reduce
smoking during pregnancy, 20% quit
smoking by the beginning of the third
trimester, and 24% reduced their
smoking. Those who quit or reduced
smoking by the third trimester
decreased the amount of smoking
during pregnancy by an average of
58% and 33%, respectively.
Compared with continued smokers,
SUID risk in the reduced group was
slightly decreased (aOR = 0.88; 95%
CI 0.79-0.98), whereas those

who quit exhibited the largest
reduction in risk (aOR = 0.77; 95% CI
0.67-0.87).

Compared with mothers who did not
smoke in the 3 months before or
during pregnancy, SUID risk
progressively increased for those who
smoked before pregnancy and

quit before pregnancy (aOR = 1.47;
95% CI 1.16-1.87), those who did
not smoke before but smoked during

pregnancy (aOR = 2.22; 95% CI
1.15-4.29), and those who

smoked before and during pregnancy
(aOR = 2.52; 95% CI 2.25-2.83).

For mothers who smoked
prepregnancy only, the number of
cigarettes smoked prepregnancy

did not have a significant

association with a change in

SUID risk.

The logistic regression models
plotting the correlation between
maternal smoking and specific ICD-10
codes for SUID revealed a statistically
significant dose-effect relationship
between maternal smoking and odds
of R95, R99, and W75 (Fig 3).
Conversely, non-SUID causes of
death, including P07.2 (extreme
immaturity of the newborn), P07.3
(prematurity), and P01.1 (newborn
affected by premature rupture of
membranes) did not exhibit this
positive dose-response relationship

(Fig 3).

Assuming causality, an estimated
~800 infants per year, or 22% of all
SUID cases in the United States, were
attributed to maternal smoking
during pregnancy.

DISCUSSION

Public health campaigns launched in
the 1990s educating parents about
the importance of infant sleep
position and environment led to

a ~50% decrease in US SIDS rates.®!
As prevalence of prone sleeping has
declined, the relative contribution of
prenatal maternal smoking to the risk
of sudden infant death has increased.?
We found that any smoking during
pregnancy was associated with

a doubling in SUID risk. Additionally,
if mothers quit or reduced smoking
during pregnancy, the relative risk
of SUID decreased compared

with those who continued smoking.
Although the average number of
cigarettes across the 3 trimesters
held greater predictive power, the
increase in SUID risk due to prenatal
maternal smoking was seen even
when each trimester was modeled
independently, suggesting that
smoking during any trimester is
associated with increased SUID risk.
However, this phenomenon is at least
partly explained by a high correlation
between smoking in the first
trimester and smoking in
subsequent trimesters. In each model,
there was a twofold risk for

smokers who smoked at least 1
cigarette.

There was a linear correlation
between average number of daily
cigarettes smoked and increased risk
for SUID. Similar dose-dependent
trends have been described
previously,*>?* but not with such
resolution or sample size. In the GAM,
the curve began to plateau after >20
cigarettes per day, suggesting that
smoking cessation efforts may have
greater impact on decreasing SUID
rates when directed toward those
who smoke fewer than 1 pack per day
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Logistic regression and GAMs. Two different computational models, logistic regression and the GAM,
plot the rate of SUID given the average daily number of reported cigarettes smoked by the mother

across all 3 trimesters.

versus the more traditionally targeted
heavy (>20 cigarettes per day)
smokers.

Compared with the pregnant smokers
who did not reduce their smoking
during pregnancy (more than half),
those who reduced the number of
cigarettes smoked by the third
trimester demonstrated a modest
(12%) decrease in the risk of SUID,
and quitting by the third trimester
was associated with a greater
reduction in risk (by 23%). However,
there may be some selection bias
because the group who reduced
smoking started at a higher average
number of cigarettes in the

first trimester, whereas those who
successfully quit smoked

fewer cigarettes in the first
trimester.

The largest predictor of SUID risk
with maternal prenatal smoking was
the average number of cigarettes
smoked daily over the 3 trimesters.
Thus, a woman who smoked 20

PEDIATRICS Volume 143, number 4, April 2019

cigarettes per day in the first
trimester and reduced to 10
cigarettes per day in subsequent
trimesters had a similarly reduced
SUID risk as a woman who averaged
13 cigarettes per day in each
trimester. Public health promotion
should specifically encourage women
to quit before pregnancy.
Furthermore, pregnant smokers
seeking prenatal care in the first
trimester should be strongly advised
that the greatest benefit for

reducing SUID risk unequivocally
results from quitting but also that any
reduction in the number of cigarettes
smoked is associated with a small
decrease in risk.

Although smoking has decreased
overall in the United States in recent
years, 11.6% of mothers reported
smoking in the 3 months before
pregnancy in 2011. Of these, only
one-quarter stopped smoking for the
duration of the pregnancy. The
adjusted odds for SUID were slightly

but significantly increased (aOR =
1.47; 95% CI 1.16-1.87) in cases
wherein the mother smoked
prepregnancy but quit during the
pregnancy compared with those who
never smoked. Part of this increase
could be due to environmental
tobacco exposure because it is not
uncommon for those who smoke to
have a partner who also smokes>*:
it is also likely that a proportion of
women who smoked prepregnancy
and quit during pregnancy restarted
in the postpartum period.>®

This group may have also included
women who stopped smoking as soon
as they knew they were pregnant
and thus reported that they were
nonsmokers in the first trimester,
but the fetus had been exposed

to maternal smoking during the
period before pregnancy was
diagnosed. Interestingly, the
increased odds ratio was similar
regardless of how many cigarettes
were smoked during the 3 months
prepregnancy. Although the

study adjusted for many

potential confounders, residual
confounding, especially with
socioeconomic factors, might explain
this finding. There may also be
other exposures (eg, women who
drink alcohol during pregnancy,
another potent risk factor for

SUID, are more likely to smoke at
moderate, high, and very high
continuous levels as compared with
women classified as nondrinkers and
quitters).>®

The relationship between smoking
and rates for R95, R99, and W75
diagnoses individually revealed
similar linear trends. These findings
support the idea that, despite
differing labels on the death
certificate, there may be
commonalities in intrinsic and/or
extrinsic factors, and these deaths
should consistently be

considered together as SUID.
Interestingly, specific non-SUID
causes of death, including

P07.2, P07.3, and P01.1, did not
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a0Rs of specific causes of SUID and non-SUID infant death. Comparison is between aORs of specific
causes of infant death, including R95 (SIDS), R99 (ill-defined or unknown cause of mortality), and
W75 (accidental suffocation or strangulation in bed), and other non-SUID causes of infant death,
including P07.2 (extreme immaturity of the newborn), P07.3 (prematurity), and P01.1 (newborn

affected by premature rupture of membranes).

reveal dose-effect relationships with
smoking. This was unexpected
because smoking increases the risk
of preterm birth, which is
associated with higher mortality and
morbidity.3”

Researchers in various countries,
including New Zealand (33%),? Chile
(33%),>® Denmark (30%-40%),*
and the United States (23%-34%),%°
have attempted to estimate the

percentage of SIDS and/or SUID
attributable to prenatal smoking.
In this study, we employed
sophisticated statistical analyses in
combination with high population
numbers to allow for

greater granularity in estimating
population-attributable risk for
prenatal smoke exposure. The
relationship between smoking and
SUID meet the criteria for a causal
association,** including (1) strength

(effect size; the magnitude of the
risk is strong), (2) a dose-effect
relationship (a linear relationship
between number of cigarettes and
SUID risk), (3) temporal relationship
(the risk factor [smoking] precedes
the event [death]), (4) consistency of
findings (smoking is identified as

a risk factor in many studies), (5)
biological plausibility,>* and (6) the
reduction in risk with smoking
reduction and cessation. If causality is
assumed in our model, we estimate
that ~22% of all US SUID cases

are directly attributable to smoking
(ie, if every mother did not smoke
during pregnancy, there would

have been an estimated 800 fewer
SUIDs in the United States in

2011 alone). This suggests that

a significant reduction in SIDS
incidence might occur if the
prevalence of maternal smoking was
reduced.

This study is limited by the likely
conservative smoking estimates
because our data set does not include
environmental smoke exposure
during pregnancy or in the
postpartum period, including
paternal smoking, which has an
independent influence on SIDS
risk.>*! In addition, smoking rates
are self-reported. Because it is
widely known that smoking is an
unhealthy behavior, it is likely

that some women underestimated
or denied their true smoking
habits. Indeed, in studies
documenting serum cotinine levels,
maternal self-reported

smoking status during pregnancy
underestimated smoking
prevalence by >20%.%*3

Finally, only 60% of births had data
about the number of cigarettes
smoked. However, the missing

data were not related

to maternal characteristics but
instead to the adoption of the
2003 revision of the US Standard
Certificate of Live Birth, and
therefore had minimal effect on the
estimates.
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CONCLUSIONS

Educational efforts to decrease SUID
risk should strongly encourage
nonsmoking practices before
pregnancy and smoking

cessation during pregnancy. Those
who are unable to quit entirely
should be advised to reduce

the amount smoked. We estimate
that US SUID rates could be reduced
by 22% if no women smoked during
pregnancy.
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