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Abstract
In this exploratory analysis, we assessed whether nutrition modified the association between prenatal exposure to tobacco 
and childhood cognition/behavior among 366 Colorado-based mothers and their offspring (born ≥ 37 weeks with birth-
weights ≥ 2500 g). Interaction by folate (</≥ 1074 µg/day) and breastfeeding (</≥ 5 months) was assessed by including 
a product term with cotinine (</≥ limit of detection [LOD]) in regression models for NIH Toolbox and Child Behavior 
Checklist T-scores. Main effects were observed between cotinine ≥ LOD and inhibitory control (− 3.2; 95% CI: − 6.8, 0.3), 
folate < 1074 µg/day and anxious/depressed symptoms (1.1; 95% CI: 0.1, 2.1), and breastfeeding < 5 months and receptive 
language (− 4.3; 95% CI: − 8.5, − 0.02), though these findings would not survive Bonferroni correction. Breastfeeding modi-
fied the tobacco-behavior associations. Sleep (3.8; 95% CI: 0.5, 7.1; interaction p-value = 0.02), depressive (4.6; 95% CI: 
1.0, 8.2; interaction p-value = 0.01) and total problems (5.8; 95% CI: − 0.7, 12.4; interaction p-value = 0.09) were observed 
among tobacco-exposed offspring who breastfed > 5 months, but not for shorter durations. Our findings support the need 
for smoking cessation campaigns throughout pregnancy and throughout the postpartum period breastfeeding to reduce 
neurobehavioral risks in the offspring.
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Introduction

Prenatal exposure to tobacco is associated with system-
atic growth restriction of the offspring, including low birth 
weight and a smaller head circumference [1]. Epidemiologic 
studies, including results from our own cohort, suggest that 
these growth-restricted offspring go on to experience cogni-
tive and behavioral problems in early childhood [2–5]. These 
findings are supported by animal models, which show that 
prenatal exposure to nicotine is associated with hyperactiv-
ity, decreased attention, and mild learning deficits in the 
offspring [6–8].

The neurocognitive burden of prenatal exposure to 
tobacco is concerning, as many tobacco exposures during 
pregnancy are involuntary. Estimates from 2014 suggest that 
nearly one in four non-smoking adults of childbearing age 
experience secondhand exposure to tobacco [9]. Thus, there 
is a need to identify individual-level, nutritional factors that 
may mitigate the adverse programming caused by prena-
tal exposures to tobacco. Identification of such mitigating 
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factors may increase our understanding of potential inter-
ventions to minimize tobacco-induced risks to the offspring. 
Furthermore, identifying potential effect modifiers may sup-
port the hypothesized biological mechanisms, which may 
include structural changes to the developing fetal brain [10] 
or DNA methylation changes [11].

One such factor is food folate or folic acid [12]. On its 
own, higher plasma folate during pregnancy is associated 
with improved attention [13], whereas lower plasma folate 
is associated with hyperactivity [14] and emotional prob-
lems [15]. Folate plays an important role in the synthesis of 
methionine (a key methyl donor for DNA methylation) [16, 
17] and may counteract DNA methylation changes induced 
by prenatal exposure to tobacco [18].

Similarly, the positive impacts of breastfeeding on off-
spring neurodevelopment are numerous [19]. Breast milk 
is rich in nutrients that may confer positive benefits to fetal 
brain development, such as increased myelination, brain vol-
ume, and cortical thickness.[20] Indeed, a longer duration of 
exclusive breastfeeding has been independently associated 
with improved cognitive development in early childhood 
[21]. Yet, these positive attributes may be offset by lacta-
tional exposure to tobacco, particularly if the mother is a 
smoker [22]. Thus, it is unclear whether breastfeeding would 
mitigate or augment the cognitive and behavioral risks asso-
ciated with prenatal exposure to tobacco.

We utilized data from Healthy Start, a robust cohort of 
mother-infant pairs living in Colorado followed from the 
early prenatal period through early childhood, to explore 
whether there is an interactive effect between prenatal expo-
sure to tobacco and early-life nutrition on offspring cognitive 
and behavioral health. We hypothesized that higher folate 
intake during pregnancy and a longer duration of breast-
feeding would protect against the adverse effects of prenatal 
exposure to tobacco on offspring cognitive and behavioral 
health.

Methods

Healthy Start is a prospective cohort of 1410 ethnically 
diverse pregnant people who delivered at University of 
Colorado Hospital. Study participants were pregnant peo-
ple (≥ 16 years) who were patients at obstetrics clinics at 
the University of Colorado Hospital (< 24 weeks gestation). 
Exclusion criteria for study participation included: multiple 
gestation pregnancies; previous stillbirth or preterm birth at 
< 25 weeks gestation; preexisting diabetes; asthma; cancer; 
or a previous psychiatric illness. Participants were invited 
to participate in two in-person research visits during preg-
nancy (median: 17 and 27 weeks gestation), one soon after 
delivery, and one at age 5 years (range: 4–7 years). For our 

analyses, mother-child pairs were included if the child was 
born > 37 weeks gestation and > 2500 g at birth.

Written informed consent was obtained from the mother 
or legal guardian of the child prior to each research visit. 
Protocols for enrollment and biospecimen collection were 
approved by the Colorado Multiple Institutional Review 
Board (#09-0563). The protocol for the current analysis 
was approved by the University of Texas Health Science 
Center Committee for the Protection of Human Subjects 
(HSC-SPH-20-0080).

Prenatal Exposure to Tobacco

Prenatal exposure to tobacco was assessed via urinary coti-
nine (major metabolite of nicotine) at ~ 27 weeks gestation. 
Cotinine was previously analyzed in stored urine samples via 
solid phase competitive ELISA with a sensitivity of 1 ng/
mL (Calbiotech Cotinine ELISA CO096D, Calbiotech, El 
Cajon, California). Consistent with a previous Healthy Start 
analysis [5], cotinine concentrations were dichotomized as 
no exposure (< 0.05 ng/mL; the limit of detection [LOD]) 
and prenatal exposure to exposure (> LOD).

Childhood Cognition

The National Institutes of Health (NIH) Toolbox Cogni-
tion Battery is a series of measures used to assess executive 
function across the lifespan (3–85 years) [23]. A series of 
tests were administered to children via computer tablets and 
supervised at each in-person visit by professional research 
assistants. Measures with the most relevance to our study 
population included the Flanker test (for assessing inhibitory 
control), the Dimensional Change Card Sort test (DCCS, for 
assessing cognitive flexibility), and the Picture Vocabulary 
Test (for assessing receptive language). Raw scores from 
these assessments were based on both accuracy and response 
time (for the Flanker and DCCS) or accuracy (for the pic-
ture vocabulary test). Fully corrected T-scores accounted 
for age, sex, race/ethnicity and maternal education and were 
standardized to have a mean of 50 and a standard deviation 
of 10 for all tests [24]. Higher scores reflect better cognitive 
performance.

Childhood Behavior

The preschool version of the Child Behavior Check-
list (CBCL) (24) was captured at the 5-year visit among 
Healthy Start participants. Parents (or caretakers) were 
instructed to rate their child’s behaviors and social compe-
tencies with responses recorded on a Likert Scale as: 0 = Not 
True; 1 = Somewhat or Sometimes True; 2 = Very True or 
Often True. The CBCL scoring system groups behaviors 
that commonly occurring together as follows: (1) ‘broad 



Child Psychiatry & Human Development 

1 3

band’ composite scales, including externalizing problems 
(summing scores over rule-breaking and aggressive behav-
iors), internalizing problems (summing scores for anxious/
depressed; withdrawn/depressed; somatic complaints), and 
a total problems category; (2) empirically-based syndrome 
scales; and (3) diagnostic and Statistical Manual of Men-
tal Disorders (DSM-IV) oriented scales. Fully corrected 
T-scores accounted for age and sex and were standardized 
to have a mean of 50 and a standard deviation of 10 for all 
tests, with higher scores reflecting more deviant behavior. 
T-scores ≥ 64 on the composite scales and T-scores ≥ 70 on 
the syndrome/DSM scales are considered to be in the clini-
cal range for referral to mental health evaluations, with bor-
derline evaluations ranging from 60 to 63 and 65–69 on the 
composite and syndrome/DSM scales respectively) [25, 26].

Maternal Folate Intake During Pregnancy

Maternal diet was assessed via the Automated Self-Admin-
istered 24-Hour Dietary Recall web-based tool during the 
pregnancy period. Monthly calls were made throughout the 
pregnancy (range of 2–8 calls). Individual nutrients were 
determined using the Nutrition Data System for Research 
(NDSR) software, at the University of North Carolina at 
Chapel Hill’s Nutrition and Obesity Research Center. Natu-
ral folate and synthetic folic acid from enriched foods were 
used to determine dietary folate equivalents (DFEs), which 
account for differences in the absorption of naturally occur-
ring food folate and the more bioavailable synthetic folic 
acid. Folic acid from dietary supplements was measured by 
querying brand, type, and dose of supplements used dur-
ing pregnancy, as previously described [27]. Total maternal 
folate intake (µg/day) was determined by combining DFE 
intake (µg/day) and folic acid from supplements (µg/day) in 
a single folate variable, representing folate from all sources 
(foods, enriched foods, and supplements). The suggested 
folate requirement for pregnant people, from food and sup-
plements, is ~ 520 µg/day [28]. Less than 5% of our study 
population fell below this point—which precluded interac-
tion analyses using this clinical cut-point. Thus, for purposes 
of this study, maternal intake of folate was assessed using a 
25th percentile cut-point (1074 µg/day), a cut-point that has 
been shown to mitigate the risk of tobacco-induced adverse 
birth outcomes in previous Healthy Start analysis [29].

Duration of Exclusive Breastfeeding

At the 5 months in-person visit, study participants were 
asked whether they were: (i) currently feeding their infant 
any breast milk; (ii) had ever fed their infant formula; or (iii) 
were currently feeding their infant formula. For this analysis, 
the duration of exclusive breastfeeding variable was dichoto-
mized as exclusively breastfed from birth to age 5 months 

(if they answered ‘yes’ to the first question and ‘no’ to the 
remaining questions) and not exclusively breastfed (if they 
indicated mixed or formula feeding).

Covariates

Gestational age was determined based on a mother’s reported 
date of birth and estimated date of delivery. At enrollment, 
mothers reported their highest level of education, house-
hold income, race, ethnicity, and pre-pregnancy height and 
weight. At the 5-months visit, mothers were asked to report 
the number of adults in the household (including them-
selves) who were regular smokers. Responses to this ques-
tion ranged from 0 to 6. We dichotomized these data into no 
household smokers versus any household smokers. Cotinine 
was measured in childhood urine samples collected at the 
5-years follow up visit. Childhood cotinine was dichoto-
mized as no exposure (cotinine < LOD) and any exposure 
(cotinine ≥ LOD).

Statistical Analysis

Multivariable linear regression models examined the main 
effects of maternal folate intake (</≥ 1074 µg/day [the 25th 
percentile]), breastfeeding duration (</≥5months), and pre-
natal exposure to tobacco (< LOD, ≥ LOD) on cognitive and 
behavioral outcomes. Interaction by early-life nutrition was 
assessed by including a product term between prenatal expo-
sure to tobacco and the dichotomized folate or breastfeeding 
variables in separate regression models. Confounders were 
selected based on directed acyclic graphs (DAGS) and previ-
ous literature findings. All of our models adjusted for the fol-
lowing covariates: maternal age (years), maternal education 
(< 12 years; high school degree; any college), maternal race 
and ethnicity (Hispanic; non-Hispanic Black; non-Hispanic 
White; all other races and ethnicities combined), postna-
tal exposure to tobacco (cotinine < LOD, cotinine ≥ LOD), 
and infant sex. We present adjusted beta coefficients and 
corresponding 95% confidence intervals (CIs). Statistical 
significance was set at an alpha level of 0.05 for the main 
effects models and 0.10 for the interaction models. All sta-
tistical analyses were performed using SAS© OnDemand 
for Academics.

Results

Within the entire Healthy Start cohort (n = 1410), the major-
ity of mothers were non-Hispanic white, had household 
incomes > $70,000, and some college education. These 
characteristics were similar within the analytic sample for 
the behavioral outcomes (n = 366). The analytic sample for 
the cognitive outcomes (n = 189) included mothers who were 
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slightly older, had slightly lower mean daily folate levels, 
and reported a longer duration of exclusive breastfeeding 
(results not presented).

Compared to mothers with cotinine levels indicating 
active smoking or secondhand exposure to tobacco, moth-
ers with no exposure to tobacco were older, had higher 
household incomes and higher levels of education, con-
sumed more folate during pregnancy, birthed larger babies, 
breastfed their offspring for a longer duration, and were more 
likely to be Hispanic or non-Hispanic white (Table 1).

Our main effects models revealed that prenatal exposure 
to tobacco was moderately associated with decreased inhibi-
tory control (beta coefficient: − 3.2; 95% CI: − 6.8, 0.3; 
p = 0.07), lower maternal folate intakes were associated with 
higher anxious/depressed T-scores (beta coefficient: 1.1; 
95% CI: 0.1, 2.1; p = 0.04), and a shorter duration of breast-
feeding (< 5 months) was associated with lower receptive 
language scores (beta coefficient: − 4.3; 95% CI: − 8.5, 0.0; 
p = 0.05) (Table 2).

The interaction results indicate that the duration of breast-
feeding modified the association between prenatal exposure 
to tobacco with sleep problems (p for interaction = 0.01), 
depressive problems (p for interaction = 0.02), and total 
problems (p for interaction = 0.09) (Table 3)  Tobacco-
exposed offspring had more sleep problems (beta: 3.8; 95% 
CI: 0.5, 7.1; interaction p-value = 0.02), depressive prob-
lems (beta: 4.6; 95% CI: 1.0, 8.2; interaction p-value = 0.01), 
and total problems (beta: 5.8; 95% CI: − 0.7, 12.4; interac-
tion p-value = 0.09) if they were exclusively breastfed for 
at least 5 months, but not for shorter durations. We found 
no evidence of an interaction between prenatal exposure to 
tobacco and folate with any of the other behavioral or cogni-
tive outcomes.

Discussion

In this exploratory analysis, we found some indications that 
a shorter duration of breastfeeding, lower maternal folate 
intakes, and prenatal exposure to tobacco were associated 
with adverse cognitive and behavioral traits in early child-
hood. Our interaction results further revealed that the com-
bination of prenatal exposure to tobacco and a longer dura-
tion of breastfeeding was associated with more behavioral 
problems in early childhood, which may be due to lactational 
exposure to tobacco byproduct. This key finding supports 
the need for smoking cessation efforts beginning in preg-
nancy and throughout postpartum period (when mothers are 
encouraged to breastfeed) to minimize neurobehavioral risks 
to the offspring. These preliminary findings should be fol-
lowed up in larger prospective cohorts.

A shorter duration of breastfeeding was associated with 
decreased receptive language, which mirrors findings by 

Oddy and colleagues [30]. Yet, we found no other evidence 
that exclusive breastfeeding influenced any of the other 
cognitive or behavioral outcomes. This may be somewhat 
expected, given that a recent meta-analysis of 80 epidemio-
logic studies described how many of the positive effects of 
breastfeeding on childhood neurodevelopment disappeared 
after controlling for confounders, such as maternal cognitive 
and socioeconomic status [31].

The American Academy of Pediatrics’ recommends 
that infants be exclusively breastfed for at least six months, 
regardless of tobacco use or exposure [32]. Consistent with 
this recommendation, we hypothesized that a longer dura-
tion of breastfeeding would mitigate the effects of prenatal 
exposure to tobacco on adverse cognitive and behavioral 
outcomes, despite potential lactational exposure to tobacco 
byproducts. Yet, we found the opposite: a longer period of 
breastfeeding combined with prenatal exposure to tobacco 
was associated with more sleep problems, depressive prob-
lems, and total problems in early childhood. How these 
exposures, which occur in the fetal and early postnatal peri-
ods, influence sleep at age 5 years is not clear. Offspring with 
prenatal exposure to tobacco may also experience postnatal 
exposure to tobacco, particularly if the mother is a smoker. 
Greater doses of nicotine delivered to infants via breastmilk 
appeared to disrupt infant sleep cycles [33], which may be a 
result of reduced breast milk supply [34], changes in breast 
milk composition [35], or the stimulating effects of nicotine 
[36]. Sleep problems in early infancy may persist for many 
years [37]. These sleep disruptions may ultimately contrib-
ute to behavior problems [38] and depressive symptoms [39] 
in childhood, which further supports our finding that prena-
tal exposure to tobacco and a longer duration of breastfeed-
ing was associated with more problem behaviors overall.

A majority (95%) of the pregnant people in our study 
had folate levels adequate for minimizing neural tube defect 
risk (> 520 µg/day). Even so, higher folate intakes during 
pregnancy were associated with increased anxious/depressed 
symptoms in the 5-year-old offspring. However, contrary 
to other observational studies [13, 14] and a recent clini-
cal trial [40], folate intake did not appear to influence child 
cognition or other behavioral outcomes. It is important to 
note that we excluded offspring born prior to 37 weeks, as 
even moderate preterm birth (32–37 weeks) increases the 
risk for developmental delays [41]. Only one other study 
excluded these high-risk offspring and reported no associa-
tion between folate and infant cognitive development [42]. 
Furthermore, our null findings could be partially attributed 
to folate intake being determined via self-report of diet and 
supplements (whereas previously published studies have 
used biomarkers to determine folate status [13, 14, 40]), as 
well as our small sample (n = 189), which may have limited 
our ability to detect subtle changes in child cognition and 
behavior.
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Table 1  Characteristics of mother-child pairs according to urinary cotinine in pregnancy by neuro-behavioral sub-samples, Healthy Start (2010–
2014)

NIH toolbox CBCL

Mother-child 
 characteristicsb

Cotinine categories Cotinine categories

<  LODa ≥ LOD <  LODa ≥ LOD

Total (n=189) No exposure 
(n=144)

Any smok-
ing exposure 
(n=45)

p-valuee Totalf (n=366) No exposure 
(n=288)

Any smok-
ing exposure 
(n=78)

p-valuee

Maternal  characteristicsc

 Maternal age 
(yrs)

30 ± 6 30 ± 5 26 ± 7 < 0.01 29 ± 6 30 ± 5 25 ± 6 < 0.01

 Pre-pregnancy 
BMI (kg/m2)

25 ± 5 25 ± 5 27 ± 7 < 0.01 26 ± 6 26 ± 6 27 ± 8 0.03

 Gravidity, 
number of 
pregnancies

1 ± 1 1 ± 1 1 ± 1 0.28 1 ± 1 1 ± 1 1 ± 1 0.63

Maternal race/ethnicity
 Non-hispanic 

white
131 (69%) 113 (78%) 18 (40%) < 0.01 220 (60%) 190 (66%) 30 (38%) < 0.01

 Non-hispanic 
black

20 (11%) 6 (4%) 14 (31%) 34 (9%) 11 (4%) 23 (29%)

 Hispanic 28 (15%) 19 (13%) 9 (20%) 93 (25%) 76 (26%) 17 (22%)
 Other 10 (5%) 6 (4%) 4 (9%) 19 (5%) 11 (4%) 8 (10%)

Household income
 <40,000 35 (19%) 18 (12%) 17 (38%) < 0.01 83 (23%) 55 (19%) 28 (36%) < 0.01
 40,001–70,000 32 (17%) 25 (17%) 7 (16%) 67 (18%) 53 (18%) 14 (18%)
 >70,000 100 (53%) 93 (65%) 7 (16%) 148 (40%) 139 (48%) 9 (11%)
 Don't know 22 (12%) 8 (6%) 14 (31%) 68 (19%) 41 (14%) 27 (35%)

Mother's highest level of education
 <12 years 12 (6%) 2 (1%) 10 (22%) < 0.01 42 (11%) 23 (8%) 19 (24%) < 0.01
 High school 

degree
24 (13%) 14 (10%) 10 (22%) 54 (15%) 33 (12%) 21 (27%)

 College classes 
or college 
degree

153 (81%) 128 (89%) 25 (56%) 270 (74%) 232 (80%) 38 (49%)

 Total prenatal 
folic acid 
supplemen-
tation & 
dietary folate 
equivalents 
(µg/day)d

1352 ± 444 1389 ± 419 1233 ± 444 0.04 1384 ± 567 1420 ± 574 1247 ± 529 0.02

Total folic acid supplementation & dietary folate  equivalentsd  [1074µg/day=25th percentile]
 <1074 49 (26%) 30 (21%) 19 (42%) < 0.01 95 (26%) 64 (22%) 31 (40%) < 0.01
 ≥1074 139 (74%) 1113 (78%) 26 (58%) 269 (74%) 222 (77%) 47 (60%)
 Missing 1 (0%) 1 (1%) 0 (0%) 2 (0%) 2 (1%) 0 (0%)

Duration of exclusive breastfeeding (mo)
 <5 81 (43%) 51 (35%) 30 (67%) < 0.01 171 (47%) 119 (41%) 52 (67%) < 0.01
 ≥5 97 (51%) 86 (60%) 11 (24%) 166 (45%) 150 (52%) 16 (21%)

Missing 11 (6%) 7 (5%) 4 (9%) 29 (8%) 19 (7%) 10 (13%)
Child characteristics
 Male 92 (49%) 69 (48%) 23 (51%) 0.71 185 (50%) 148 (51%) 37 (47%) 0.44
 Birth weight (g) 3336 ± 411 3358 ± 415 3265 ± 395 0.19 3317 ± 394 3348 ± 396 3202 ± 367 < 0.01
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Furthermore, we found no evidence of an interaction 
between folate intake and tobacco on childhood cogni-
tion or behavior, which may point to distinct and unrelated 
biological mechanisms. For instance, folate may impact 
childhood cognition and behavior via homocysteine path-
ways [43, 44], whereas prenatal exposure to tobacco may 
contribute to adverse cognitive and behavioral traits in 
children via overstimulation of fetal nicotinic acetylcho-
line receptors [45] or tobacco-induced fetal hypoxia [46], 
resulting in long-lasting detriments to brain morphology 
[10]. Whether epigenetics play a role warrants further 
investigation [11].

Our study may be limited by the neurobehavioral meas-
ures used to assess childhood cognition and behavior. 
Although the CBCL is being increasingly used in clinical 
settings, it may fail to identify certain mental disorders [47] 
or capture ‘episodicity’ (i.e. the occurrence of sporadic or 
irregular events) [48], which are common among children 
with certain behavioral problems [49]. Similarly, the valid-
ity of the NIH toolbox among younger children (ages 3–6 
years) has been difficult to assess due to the absence of a 
gold standard for targeted constructs for these ages.

An important limitation of our approach is inability to 
determine lactational exposures to tobacco in breast milk. 
Because Healthy Start did not collect breast milk samples, 
we lack data on chemical or nutritional composition of 
breast milk. Furthermore, mothers were not explicitly asked 
about their tobacco use or exposure while breastfeeding. 
Similarly, we lack data on diet and supplements during the 
periconceptional period (three months prior to conception 
through the second month of pregnancy). This represents a 
critical developmental window in which folate may have a 
profound effect on child neurodevelopment [50] and substan-
tially lower autism risk [51, 52]. Thus, folate intake during 
this period may have the greatest benefit for reducing the 
cognitive and behavioral burden of tobacco-exposed. Future 
prospective studies are needed to explore this important area 
of research.

Small numbers in analytic samples—particularly in the 
examinations of low folate and tobacco-exposed groups—
may have hindered our ability to detect meaningful asso-
ciations or interactions in some of our outcome groups. 
Even so, we cannot rule out the potential for chance find-
ings given that we performed 54 separate main effects 

Continuous variables shown as mean ± standard deviations; categorical variables displayed as proportions of column totals
LOD limit of detection; CBCL the child behavior checklist; ASQ-3 the ages and stages questionnaire; NIH National Institutes of Health; mo 
months
a Cotinine levels expressed in nanograms/milliliter (ng/ml); limit of detection (LOD)= ~0.05 ng/ml
b Mother-child pairs excluded from all analyses included: mothers missing cotinine data; mothers diagnosed with a previous psychiatric condi-
tion; preterm births (< 37 weeks gestation); low birthweight infants (< 2500g); participants missing data for each of the respective neuro-behav-
ioral outcome tools assessed
c All maternal characteristics, unless otherwise noted, were assessed at 17 weeks pregnancy visit
d Dietary characteristics collected using the automated self-administered 24-hour dietary recall (ASA24) at minimum twice over the course of the 
pregnancy (range: 2–8 times)
e Independent samples t-tests used to assess differences in means across cotinine categories for continuous variables (means +/− standard devia-
tions). Chi-square square tests used to examine proportion differences across urinary cotinine categories
f Children administered the CBCL > 5 years old also excluded from all analyses

Table 1  (continued)

NIH toolbox CBCL

Mother-child 
 characteristicsb

Cotinine categories Cotinine categories

<  LODa ≥ LOD <  LODa ≥ LOD

Total (n=189) No exposure 
(n=144)

Any smok-
ing exposure 
(n=45)

p-valuee Totalf (n=366) No exposure 
(n=288)

Any smok-
ing exposure 
(n=78)

p-valuee

 Gestational 
age at birth 
(weeks)

40 ± 1 40 ± 1 40 ± 1 0.71 40 ± 1 40 ± 1 40 ± 1 0.59

 Childhood BMI 
at 5 yr visit 
(kg/m2)

16 ± 7 16 ± 8 16 ± 1 0.59 16 ± 2 16 ± 2 16 ± 2 0.55

 Approximate 
age at out-
come assess-
ment (yrs)

5 ± 0.3 5 ± 0.3 5 ± 0.2 0.78 5 ± 0.4 5 ± 0.4 5 ± 0.3 0.17
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analyses and 38 separate interaction analyses. Correction 
for multiple testing (e.g. Bonferroni set to p < 0.003 = 0.10 
/ 38 for the interaction analyses) would impose a severe 
penalty on the results, many of which would drop out of 
statistical significance.

One of the primary strengths of this study included the 
use of cotinine to objectively measure tobacco exposure both 
during the prenatal and postnatal periods. Second, the use 
of the ASA24 online platform to capture total daily folate 
intake (which was utilized at multiple time points throughout 
pregnancy) reduced the potential for reporting errors and 
recall bias in our examinations. Lastly, following mother-
child pairs from the prenatal period through the first few 
years of life (for the participating children) is a unique 
strength of Healthy Start—providing insight into little-
studied associations between the early fetal period and later 

neurobehavioral outcomes with important preventative care 
implications.

Summary

Prenatal exposure to tobacco is associated with adverse 
cognitive and behavioral traits in childhood [2–5]. Certain 
nutritional factors, such as folate intake during pregnancy 
or breastfeeding, may modify the adverse effects of prenatal 
exposure to tobacco. However, since breast milk may con-
tain tobacco byproducts [22], it is unclear whether breast-
feeding would offset or augment the cognitive and behav-
ioral risks induced by prenatal exposure to tobacco. In this 
exploratory analysis, we examined whether higher intakes 
of folate during pregnancy or a longer duration of exclusive 

Table 2  Adjusted beta coefficients for maternal prenatal folate intake, breastfeeding duration, and prenatal cotinine categories and selected 
neuro-cognitive and behavioral outcomes, Healthy Start (2010–2014)

NIH Toolbox National Institutes of Health Toolbox {Cognition Battery Tool utilized within this study}; CBCL child behavior checklist {pre-
school edition, assessed at age 5}; ADHD attention-deficit/hyperactivity disorder; DSM diagnostic and statistcal manual of mental Ddisorders; 
Adj. Beta Coefficients/95%CIs=Adjusted Beta Coefficients/95% Confidence Intervals; LOD limit of detection
a All models adjusted for maternal age (years), education (< high school, high school diploma, some college), race/ethnicity (non-Hispanic (NH) 
white; NH black, Hispanic, other), previous diagnosis of a psychiatric condition, offspring sex, household reported smokers at 5 months (any; 
none), cotinine levels detected at 5 yrs (any; none), and each of the other respective effect modifiers (e.g. maternal folate models were also 
adjusted for breastfeeding duration and prenatal cotinine)
b Higher NIH Toolbox T-scores indicative of better performanace on each of the cognition tests administered
c Higher CBCL T-scores indicative of worse performanace on each of the cognition tests administered

Neuro-cognitive or behavioral tool 
(assessed at 5-year visit)

Prenatal cotinine (≥LOD vs. 
<LOD (ref))a

Breastfeeding (<5 vs. ≥5 months 
(ref))a

Maternal folate intake 
(<1074µg/day vs. ≥1074µg/day 
(ref))a

NIH  toolboxb

 Flanker − 3.24 (− 6.80, 0.32); p = 0.07 − 2.06 (− 4.62, 0.50); p =  0.11 − 0.56 (− 3.23, 2.12); p = 0.68
 Dimensional change card sort test − 0.37 (− 5.10, 4.36); p = 0.88 − 1.44 (− 4.84, 1.96); p = 0.40 2.12 (− 1.43, 5.66); p = 0.24

Picture vocabulary − 0.73 (− 6.61, 5.14); p = 0.81 − 4.25 (− 8.48, − 0.02); p = 0.05 0.54 (− 3.88, 4.95); p = 0.81
CBCL composite  scalesc

 Externalziing − 0.10 (− 3.54, 3.33); p = 0.95 − 1.36 (− 3.75, 1.03); p = 0.26 − 0.45 (− 3.01, 2.11); p = 0.73
 Internalizing − 1.22 (− 4.82, 2.39); p = 0.51 − 0.28 (− 2.79, 2.23); p = 0.83 1.15 (− 1.54, 3.83); p = 0.40
 Total − 0.69 (− 4.18, 2.81); p = 0.70 − 0.22 (− 2.66, 2.21); p = 0.86 − 0.11 (− 2.72, 2.49); p = 0.93

CBCL—syndrome scalesc
 Anxious/depressed − 0.60 (− 1.98, 0.77); p = 0.39 − 0.27 (− 1.23, 0.68); p = 0.57 1.08 (0.06, 2.10); p = 0.04
 Withdrawn − 0.65 (− 2.43, 1.14); p = 0.48 0.72 (− 0.53, 1.96); p = 0.26 − 0.15 (− 1.48, 1.18); p = 0.82
 Somatic complaints 0.43 (− 1.29, 2.15); p = 0.62 0.07 (− 1.12, 1.27); p = 0.91 0.03 (− 1.24, 1.31); p = 0.96
 Attention problems 0.33 (− 1.32, 1.99); p = 0.69 0.54 (− 0.61, 1.68); p = 0.36 0.03 (− 1.20, 1.26); p = 0.96
 Emotionally reactive − 0.26 (− 2.10, 1.57); p = 0.78 − 0.82 (− 2.09, 0.45); p = 0.21 0.64 (− 0.73, 2.00); p = 0.36
 Sleep problems − 0.15 (− 2.03, 1.74); p = 0.88 − 0.63 (− 1.94, 0.69); p = 0.35 − 0.36 (− 1.77, 1.04); p = 0.61
 Aggressive behaviors − 0.35 (− 1.84, 1.13); p = 0.64 − 0.70 (− 1.73, 0.33); p = 0.18 − 0.06 (− 1.17, 1.04); p = 0.91

CBCL—DSM (IV)-oriented scalesc
 Anxiety problems − 0.01 (− 1.66, 1.65); p = 0.99 − 0.23 (− 1.38, 0.92); p = 0.69 0.57 (− 0.67, 1.80); p = 0.37
 ADHD − 0.24 (− 1.75, 1.26); p = 0.75 0.04 (− 1.01, 1.09); p = 0.94 0.08 (− 1.04, 1.21); p = 0.88
 Oppositional defiant − 0.44 (− 2.05, 1.17); p = 0.59 − 0.73 (− 1.85, 0.39); p = 0.20 0.37 (− 0.82, 1.57); p = 0.54
 Autism spectrum − 0.54 (− 2.27, 1.19); p = 0.54 0.56 (− 0.64, 1.77); p = 0.36 − 1.13 (− 2.42, 0.16); p = 0.09
 Depressive problems − 0.01 (− 1.74, 1.74); p = 0.99 − 0.09 (− 1.30, 1.13); p = 0.89 − 0.33 (− 1.63, 0.97); p = 0.62
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breastfeeding modified the associations between prenatal 
exposure to tobacco and childhood cognition/behavior. The 
combination of prenatal exposure to tobacco and a longer 
duration of exclusive breastfeeding was associated with 
more sleep problems, depressive problems, and total prob-
lems in early childhood. While there are many public health 
benefits to longer durations of breastfeeding (e.g. reduced 
risk for obesity) [53], it remains important to encourage 
pregnant people to quit smoking and make efforts to avoid 
secondhand exposure to tobacco to limit adverse cognitive 
and behavioral outcomes in the offspring.
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