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Examining the association between prenatal maternal stress
and infant non-nutritive suck
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Alaina Martens1, Gredia Huerta-Montanez7, José F. Cordero7, John D. Meeker8, Susan L. Schantz2,3, Akram N. Alshawabkeh9 and on
behalf of Program Collaborators for Environmental Influences on Child Health Outcomes
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BACKGROUND: This study examined the relationship between prenatal maternal stress (PREMS) and non-nutritive suck (NNS) and
tested its robustness across 2 demographically diverse populations.
METHODS: The study involved 2 prospective birth cohorts participating in the national Environmental influences on Child Health
Outcomes (ECHO) Program: Illinois Kids Development Study (IKIDS) and ECHO Puerto Rico (ECHO-PROTECT). PREMS was measured
during late pregnancy via the 10-item Perceived Stress Scale (PSS-10). NNS was sampled from 1- to 8-week-olds using a custom
pacifier for ~5min.
RESULTS: Overall, 237 mother–infant dyads completed this study. Despite several significant differences, including race/ethnicity,
income, education, and PREMS levels, significant PREMS-NNS associations were found in the 2 cohorts. In adjusted linear regression
models, higher PREMS, measured through PSS-10 total scores, related to fewer but longer NNS bursts per minute.
CONCLUSIONS: A significant association was observed between PREMS and NNS across two diverse cohorts. This finding is
important as it may enable the earlier detection of exposure-related deficits and, as a result, earlier intervention, which potentially
can optimize outcomes. More research is needed to understand how NNS affects children’s neurofunction and development.

Pediatric Research (2023) 93:1285–1293; https://doi.org/10.1038/s41390-021-01894-9

IMPACT:

● In this double-cohort study, we found that higher maternal perceived stress assessed in late pregnancy was significantly
associated with fewer but longer sucking bursts in 1- to 8-week-old infants.

● This is the first study investigating the association between prenatal maternal stress (PREMS) and infant non-nutritive suck
(NNS), an early indicator of central nervous system integrity.

● Non-nutritive suck is a potential marker of increased prenatal stress in diverse populations.
● Non-nutritive suck can potentially serve as an early indicator of exposure-related neuropsychological deficits allowing for earlier

interventions and thus better prognoses.

INTRODUCTION
Globally, one-third of healthy pregnant women report mild-to-
moderate stress.1–7 Prenatal maternal stress (PREMS) is especially
high in diverse female urban samples, with 78% reporting low-to-
moderate PREMS and 6% reporting high PREMS.8 Common
pregnancy stressors include low material resources, unfavorable
employment conditions, heavy family/household responsibilities,
intimate relationship strain, and pregnancy complications.9 PREMS
has been shown to increase the risk for various pregnancy
complications and poor birth outcomes.10–15

Additionally, PREMS is associated with children’s long-term
development.16–18 Child outcomes linked to PREMS include
neurological,19 physical, and physiological changes,20–22 and
increased risk for attention-deficit hyperactivity disorder, conduct
disorder,23–26 and cognitive and linguistic impairments.27,28

Although many studies on PREMS and neurodevelopment have
focused on children, few have looked at young infants.
Investigating the relationship between PREMS and young infants’
neurodevelopment is critical to moving the field forward as it may
allow for the earlier identification of problems and, consequently,
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enable earlier interventions, which tend to have better prognoses
when compared with later interventions.
Infant neurofunction assessments have been problematic and

limited. Even though standardized tests, like the Bayley-III scales,
can be useful in identifying children with severe levels of
intellectual disability, there are several drawbacks as well,
including significant examiner training, reliance on examiner’s
qualitative ratings, and less than desirable precision and
sensitivity. Moreover, these tests often underestimate delays and
tend to poorly predict future neurofunction.29–31 Thus, there is a
need to develop early physiological-based measures that are
precise, quantitative, and related to subsequent development.
Non-nutritive suck (NNS) is an early measure of neonatal brain
function.32 Using a pressure transducer system to measure NNS
circumvents previous assessment limitations with minimal exam-
iner training, ease of operation, automated data collection, and
more precise quantitative measures.
NNS is a suck pattern characterized by the absence of nutrient

delivery. NNS has a burst-pause pattern, with each burst contain-
ing 6–12 suck cycles and a within burst frequency of 2 Hz33

(Fig. 1). NNS is controlled by brainstem interneurons and altered
by sensory stimulation34,35 and experiences.36 NNS can potentially
predict later neurodevelopment in various domains (e.g., motor
skills, balance, intelligence, and language).37,38 This study exam-
ined the relationship between PREMS and NNS in 1- to 8-week-old
infants and tested its robustness across 2 diverse cohorts. We
hypothesized that higher PREMS would disrupt infant NNS. This
disruption could serve as an early indicator of later neuropsycho-
logical problems.

METHODS
Study population and design
Mother–infant participants were from 2 prospective birth cohorts in Illinois
and Puerto Rico that began recruitment in 2013 and 2011 respectively, and
became a part of the Environmental influences on Child Health Outcomes
(ECHO) Program in 2019 (additional details about the ECHO program are
available elsewhere39). For the current analyses, the inclusion criteria were
twofold: agreement to participate in the ECHO Program, and a minimum
birth GA of 37 weeks, which is considered a full-term gestation. Written
informed consent for participation in each cohort was obtained during
pregnancy and at the child’s first assessment. Starting in 2019, mothers
who agreed to enroll in the Cohort were also invited to join the ECHO
program and complete another written informed consent. Some
participants consented to ECHO during pregnancy, while others consented
postnatally during infancy or early childhood. Cohorts received approval
and supervision from the Institutional Review Boards at the University of
Illinois at Urbana-Champaign (UIUC), Northeastern University, and the
University of Puerto Rico.

IKIDS cohort
Participating mothers were recruited from 2 obstetric clinics in Champaign-
Urbana, Illinois, for the Illinois Kids Development Study (IKIDS). IKIDS
enrollment began in 2013 and is ongoing. The inclusion criteria were not
having a child already in IKIDS, being 18–40 years of age, not having a
high-risk pregnancy or carrying multiples, having English fluency, residing
within a 30-min drive from the UIUC campus, and planning to remain in
the area until the child’s first birthday. At enrollment (10–14 weeks’ GA),
mothers provided sociodemographic/lifestyle information and medical
and reproductive history. Follow-up interviews were conducted through-
out pregnancy to track health/lifestyle changes. After birth, mothers were
invited to participate in child assessments between 1 week and 7.5 years of
age (IKIDS cohort profile.40) A total of 92 infants participated in the 1- to
5-week assessment at the research laboratory on the UIUC campus
between December 2017 and November 2019. Of these infants, 75 (n= 31
females) were included in the current analysis, and the remaining infants
were excluded for the following reasons: 1 was born prematurely (i.e.,
before 37 weeks’ gestation), 15 did not provide adequate NNS data, and 1
had a mother who did not complete the PSS-10.

ECHO-PROTECT cohort
Participating mothers were recruited before 20 weeks’ GA from 2 hospitals
and 5 clinics in the Northern Karst aquifer region in Puerto Rico to be part
of the Puerto Rico Testsite for Exploring Contamination Threats (PROTECT)
study. Enrollment in PROTECT started in 2011 and is ongoing. The inclusion
criteria were 18–40 years of age, residence in the Northern Karst aquifer
region, PR, no oral contraceptives 3 months prepregnancy, no in-vitro
fertilization, and no major preexisting medical conditions.41 PROTECT
mothers provided basic demographic and pregnancy/lifestyle information
at 14 weeks’ GA and 3 more times from 16 to 28 weeks’ GA. In 2016–2019,
children born to PROTECT mothers were recruited into the Center for
Research on Early Childhood Exposure and Development (CRECE) study42

and invited to participate in assessments between 2 weeks and 6 years of
age (PROTECT/CRECE cohort profiles41,42). A total of 393 infants
participated in the 2- to 8-week assessment at the research clinic in
Manatí, Puerto Rico, from May 2017 to December 2019. Of the infants, 162
(n= 81 females) were included in the current analysis, the remaining
infants were excluded because 29 were born prematurely (i.e., before
37 weeks’ gestation), 22 had mothers who declined to participate in ECHO,
7 had mothers who did not complete the PSS-10, and 3 did not provide
sufficient NNS data.

PREMS
PREMS was assessed with the 10-item Perceived Stress Scale (PSS-10)43 in
late pregnancy (IKIDS: 34–37 weeks’ GA, ECHO-PROTECT: 24–28 weeks’
GA). The PSS is the most widely used tool for evaluating respondents’
perception of stress in their recent lives;43 it has been validated in multiple
populations and countries.44,45 Respondents are asked to rate on a 4-point
Likert scale (from 0 = never to 4 = very often) how often they experienced
specific feelings (e.g., being upset) and beliefs (e.g., being unable to cope
with things) during the past month, (for a description of all 10 items see
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Fig. 1 Non-Nutritive Suck Device. a A picture of the non-nutritive suck (NNS) device setup, which includes a laptop connected to a 4-channel
ADInstruments PowerLab 4/26 data acquisition system. This system is attached to the pressure transducer (black box) that connects to the
pacifier. b An infant from ECHO-PROTECT being assessed with the NNS device. c An illustration of a report of 28 s of NNS activity generated by
the NNS system. Time elapsed during the NNS test/sampling is in the x axis and is measured in seconds (s). Amplitude or strength of each suck
cycle is in the y axis and is measured in cmH2O. Three NNS bursts are present with pause periods for respiration. Frequency is measured by
examining the cycles per second within a burst. Black dots indicate the peak of individual NNS cycles.
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eTable 1 in Supplementary Materials). Responses are summed, with total
scores ranging from 0 to 40. Score ranges indicating low, moderate, and
high perceived stress are <14, 14–26, and >26, respectively.46

Infant NNS measures
NNS was assessed via a custom device that yields quantitative data in real-
time (Fig. 1). This device includes a Soothie pacifier (Philips Avent) attached to
a pressure transducer that transmits information to a data acquisition system
(Power Lab, ADInstruments, Dunedin, New Zealand) (specifications and
calibration methods47). Infants were offered the pacifier to suck on for ~5min.
Standardized devices, training, and administration were used across cohorts.
All NNS data were analyzed using LabChart software (ADInstruments,

Dunedin, New Zealand). Trained researchers selected NNS bursts using the
following criteria: bursts had >1 suck cycle with a new burst commencing
when a between-cycle break was >1000ms.34,36,48 Once an infant’s bursts
were selected, they were entered into a custom NNS Burst Macro that
calculated 4 variables: amplitude (units in cmH2O; strength of suck
measure), number of cycles per burst (suck cycles within a burst),
frequency (Hz; number of cycles per second within a burst), and burst
duration (s). Next, the 2 consecutive minutes with the highest cycle count
were used to calculate 2 additional variables: the number of cycles per
minute and bursts per minute.

Statistical analyses
We conducted descriptive statistics on exposure (PREMS via PSS-10) and
outcome (NNS) variables, and potential covariates for the IKIDS and ECHO-
PROTECT samples, including maternal age, parents’ education, marital
status, household income, health insurance, delivery type, parity, fetal sex,
and prenatal cigarette and alcohol use. We characterized distributions of
PSS and NNS parameters in addition to testing for bivariate associations
between these variables and each of the potential covariates. Namely,
Pearson correlation coefficients were calculated between PSS and NNS
parameters. t-tests were conducted between categorical covariates and
PSS and NNS parameters.
We utilized multiple linear mixed models to test for associations

between PSS and NNS in the combined sample of IKIDS and PROTECT.
Models included random intercepts for study participant ID. We also
explored associations within each cohort individually using multiple linear
regression to evaluate which cohort may be driving a given association in
the combined sample analysis. We also leveraged meta-analysis of the two
cohort-specific estimates to compare with the combined sample analysis.49

Fully-adjusted models relied on a combination of a priori knowledge of
candidate confounders and substantiated by directed acyclic
graphing50–52 (Fig. 2). Relationships between and among exposure and
outcome variables and potential confounders were depicted graphically,
followed by bivariate testing to evaluate associations with exposures,
outcomes, and other potential confounders. The criteria for variable
inclusion in the adjusted models included occurring in the time period
prior to the outcome and not in the period between exposure and
outcome (i.e., not a mediator). Final linear mixed models adjusted for the
following covariates: maternal age, maternal education, household income,
alcohol use, infant age at assessment, and cohort. Cohort-specific linear

regression models included the same covariates with the exception of
cohort. Because stress is often associated with depression, we also
conducted sensitivity analyses estimating associations between maternal
stress and each of the six NNS parameters. Maternal depression scores in
the Center for Epidemiologic Studies Depression Scale (CES-D) were
measured in the PROTECT cohort at between 24 and 30 weeks during
pregnancy. Maternal depression was not analyzed in the IKIDS cohort
because a different instrument was used in this cohort, and with relatively
small samples, it was beyond the scope of the current study to try to
harmonize these data.
Finally, we wondered whether the association between PSS and each

NNS variable would differ if individual PSS items were considered rather
than the total score, and decided to conduct some exploratory analyses
using combined-cohort models only to explore this question.
Two-tailed p-values < 0.05 were considered statistically significant. No

adjustment for multiple testing was performed due to the preliminary
nature of these findings. The results and interpretation focus on the
magnitude and confidence intervals of the estimates. All analyses were
conducted using R Studio version 4.0.3.

RESULTS
Participants in this study did not differ from their respective larger
cohorts (IKIDS or ECHO-PROTECT) on their PREMS levels (Supple-
mentary Table 2). Table 1 reports demographic, social, and health
information stratified by cohort. Total sample size for the current
study was 237 (IKIDS, n= 75; ECHO-PROTECT, n= 162). Cohorts
were significantly different in race/ethnicity, parents’ education,
parity, household income, prenatal smoking and alcohol use, and
maternal age. IKIDS mothers were largely White (82.70%), married
or cohabitating (90.70%), and educated with at least a bachelor’s
degree (80%). In ECHO-PROTECT, 41.4% of mothers were White,
81.5% were married or cohabitating, and 54.30% had at least a
bachelor’s degree or higher. Additionally, annual household
income differed between samples: most IKIDS households earned
at least $50,000/year (81.40%), whereas most ECHO-PROTECT
households earned less than $50,000/year (82.70%). In terms of
the children, 41.3% of IKIDS infants were female compared with
50% in ECHO-PROTECT. In IKIDS, 42.7% of infants were delivered
via Cesarean section compared with 47.5% of ECHO-PROTECT
infants. These differences were not statistically significant.
Importantly, our sensitivity analyses revealed that maternal

depression in the PROTECT cohort did not independently predict
any of the NNS variables. This evidence further justifies the
exclusion of maternal depression as a confounder in our analyses
measuring the association between PSS scores and each NNS
variable.
Table 2 reports the distribution of PSS and NNS variables in the

overall combined sample and notes differences in the distribu-
tions between IKIDS and ECHO-PROTECT. The 2 cohorts differed

Maternal factors

- Alcohol use

Enrollment site

Child age at
assessment

Non-nutritive suck

- Cycles per burst
- Cycles/min
- Bursts/min
- Amplitude
- Frequency
- Duration

Prenatal stress

- Income
- Education
- Age

Fig. 2 Conceptual model for prenatal maternal stress and infant non-nutritive suck and study site.
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significantly in 5 out of 10 PSS items and in total PSS scores. The
median total score was 19 (interquartile range [IQR]= 9) in the
overall sample, with higher scores indicating higher perceived
stress. ECHO-PROTECT mothers had higher median total scores (20
[IQR= 5.25]) compared with IKIDS mothers (10 [IQR= 10.25]).
Differences were observed in NNS variables between cohorts
although not as striking (2 out of 6 NNS outcomes) as the PSS
differences. The median burst duration was 6.25 s in ECHO-
PROTECT and 4.00 s in IKIDS. Additionally, the median number of
suck-cycles per minute was 63 in ECHO-PROTECT and 45.5 in
IKIDS.
Pearson correlation coefficients for PSS and NNS parameters are

reported for the overall sample (Supplementary Table 3A), ECHO-
PROTECT only (Supplementary Table 3B), and IKIDS only
(Supplementary Table 3C). The greatest positive correlation in
the overall sample was observed between PSS item-4 and NNS
bursts per minute (Pearson ρ = 0.32). Bivariate associations
between covariates and PSS and NNS parameters are reported in
Supplementary Table 4. Several sociodemographic factors were
associated with total PSS scores, including maternal race, parental
education, and household income. Among these factors, NNS
parameters were associated with maternal race (NNS cycles and
NNS cycles per bursts) and household income (NNS bursts per
minute and cycles per minute).
Crude and adjusted estimates from linear regression modeling

are reported in Supplementary Table 5. The magnitude of
association tended to be similar across adjusted and crude
models. Notably, higher (indicating more stress) total PSS scores
were associated with 0.09-s longer bursts (95% confidence interval
(CI), 0.01–0.17) and 0.07 fewer bursts per minute (95% CI, −0.13 to
−0.02). Table 3 shows the cohort-specific analyses, which indicate
that the positive association between PSS total score and burst
duration in the combined-cohort analysis seems to be driven by
the IKIDS sample (β = 0.18, 95% CI, 0.04–0.31; p= 0.01)
participants and not ECHO-PROTECT (β = 0.01, 95% CI, −0.10 to
0.12; p= 0.80). On the other hand, the negative association
between PSS scores and number of bursts, found in the

Table 1. Bivariate tabulations between descriptive characteristics of
study sample and covariates.

IKIDS
(n= 75)

ECHO-
PROTECT
(n= 162)

p-valuea

Parental characteristics

Maternal race & ethnicity <0.001

White 62 (82.7) 67 (41.4)

Black or African
American

5 (6.67) 6 (3.70)

Asian 5 (6.67) 0 (0.00)

Mestiza 0 (0.00) 64 (39.5)

Other 3 (4.00) 3 (1.85)

Missing 0 (0.00) 22 (13.6)

Marital status 0.162

Married or
cohabitating

68 (90.7) 132 (81.5)

Single 7 (9.33) 27 (16.7)

Missing 0 (0.00) 3 (1.85)

Maternal education <0.001

<High school 1 (1.33) 5 (3.09)

High school
graduate

3 (4.00) 19 (11.7)

Some college/
associate degree

11 (14.7) 47 (29.0)

Bachelor’s degree 24 (32.0) 59 (36.4)

Graduate degree 36 (48.0) 29 (17.9)

Missing 0 (0.00) 3 (1.85)

Paternal education <0.001

<High school 1 (1.33) 4 (2.47)

High school
graduate

8 (10.7) 37 (22.8)

Some college/
associate degree

16 (21.3) 62 (38.3)

Bachelor’s degree 27 (36.0) 41 (25.3)

Graduate degree 23 (30.7) 11 (6.79)

Missing 0 (0.00) 7 (4.32)

Maternal parity <0.001

0 45 (60.0) 22 (13.6)

1 21 (28.0) 53 (32.7)

2 5 (6.67) 20 (12.3)

3 4 (5.33) 4 (2.47)

Missing 0 (0.00) 63 (38.9)

Household income <0.001

<$20,000 3 (4.00) 58 (40.3)

$20,000–50,000 11 (14.7) 61 (42.4)

$50,000–100,000 32 (42.7) 20 (13.9)

>$100,000 29 (38.7) 5 (3.47)

Maternal health insurance 0.598

Insured 75 (100) 157 (96.9)

Uninsured 0 (0.00) 2 (1.23)

Missing 0 (0.00) 3 (1.85)

Cigarette use during current pregnancy <0.001

Any 2 (2.67) 4 (2.47)

None 73 (97.3) 6 (3.70)

Missing 0 (0.00) 152 (93.8)

Table 1. continued

IKIDS
(n= 75)

ECHO-
PROTECT
(n= 162)

p-valuea

Alcohol use during current pregnancy <0.001

Any 28 (37.3) 5 (3.09)

None 47 (62.7) 156 (96.3)

Missing 0 (0.00) 1 (0.62)

Maternal age (years) 0.14

18–≤ 26.47 16 (21.3) 43 (26.7)

>26.47–≤ 30 17 (22.7) 47 (29.2)

>30–≤ 33.25 24 (32.0) 30 (18.6)

>33.25–41.67 18 (24.0) 41 (25.5)

Child characteristics

Infant sex 0.357

Female 31 (41.3) 81 (50.0)

Male 44 (58.7) 80 (49.4)

Missing 0 (0.00) 1 (0.62)

Delivery type 0.809

Cesarean section 32 (42.7) 77 (47.5)

Vaginal 42 (56.0) 83 (51.2)

Missing 1 (1.33) 2 (1.23)

Data shown are n (%).
*p-values estimated from chi-squared tests.
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combined-cohort analysis, seems to be driven by the PROTECT
sample (β = −0.10, 95% CI, −0.18 to −0.03; p= 0.01) vs IKIDS (β =
−0.03, 95% CI, − 0.10 to 0.04; p= 0.40), although again the β
coefficient in the two samples are in the same negative direction.
Moreover, whereas in the combined-cohort models neither
number of cycles per minute (β = −0.23, 95% CI, −0.74 to 0.28;
p= 0.37) nor number of cycles per burst (β = 0.13, 95% CI, −0.03
to 0.29; p= 0.12) was significantly associated with PSS total score,
the negative association between PSS and cycles per minute was
significant in the PROTECT sample alone (β = −0.76, 95% CI,
−1.40 to −0.12; p= 0.02), and the association between PSS and
number of cycles per burst was marginally significant in the IKIDS
sample alone (β = 0.27, 95% CI, −0.01 to 0.55; p= 0.07). The
results of the meta-analysis largely mirrored those of the
combined-cohort analysis, showing majority effects in the same
direction. The association of total PSS score and bursts per minute
remained significant (β = −0.06, 95% CI, −0.11 to −0.01; p= 0.01),
giving greater confidence in findings from the combined-cohort
analysis. However, there were a few small differences, as shown in
Table 3. Although the association of burst duration and PSS total
score was no longer significant (β = 0.08, 95% CI, −0.01 to 0.16;
p= 0.97), the associations of total PSS score and burst frequency
(β = −0.01, 95% CI, −0.01 to 0.001; p= 0.05) and total PSS score
and cycles per minute (β = −0.34, 95% CI, −0.92 to 0.13; p= 0.07)
were both marginally significant.
Results from the exploratory analyses utilizing the combined

cohort and individual PSS items revealed some significant
associations. Higher item-2 (feeling unable to control important
things) scores were associated with 0.44-s longer bursts (95% CI,
0.05–0.82) and 0.26 fewer bursts per minute (95% CI, −0.51 to
−0.01). Higher item-3 (feeling nervous and stressed) scores were
associated with 0.3 fewer bursts per minute (95% CI, −0.6 to 0),
and higher item-6 (feeling unable to cope with all that has to be
done) scores were associated with 0.04-Hz lower frequencies (95%
CI, −0.07 to −0.01). Finally, higher item-9 (feeling angered
because things happening are beyond one’s control) scores were
associated with 0.87-cmH2O lower NNS amplitude (95% CI, −1.69
to −0.06).

DISCUSSION
The findings indicate associations between PREMS and NNS in full-
term, 1- to 8-week-old infants from 2 ECHO cohorts, IKIDS and
ECHO-PROTECT, which differed significantly by geography,
demographics, and PREMS levels. Across cohorts, higher PREMS,
measured through PSS-10 total scores, related to fewer but longer
NNS bursts. Our study is the first to characterize a link between
PREMS and NNS and demonstrate its persistence across diverse
populations.

Demographics across cohorts
IKIDS and ECHO-PROTECT differed on key demographic char-
acteristics (e.g., maternal race and ethnicity, parental education,
and household income). These differences highlight the need for
epidemiologic analyses across diverse samples. Many epidemio-
logic studies have overwhelmingly focused on White, high
socioeconomic status (SES) samples—limiting inferences about
historically marginalized, neglected, and at-risk communities.53 We
partially ameliorated this critical public health research gap by
including participants in Puerto Rico, an underserved, low-income
population, with high contaminant exposures and health dispa-
rities. Adequate representation of demographically diverse
populations will enhance the precision and efficacy of
population-level clinical interventions.54

PREMS across cohorts
PREMS differed significantly across cohorts, with ECHO-PROTECT
mothers reporting higher PSS scores in total composite andTa
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individual items 1, 4, 5, 7, 8, and 9 than IKIDS mothers. Higher
stress levels among Puerto Rican mothers are likely attributable to
the aforementioned income and education differences and
several stressful events on the island (e.g., ZIKA and Hurricane
Maria). In general, Puerto Ricans experience many socioeconomic
stressors, including much higher poverty rates than non-Latina
Whites and Latinos as a whole.55 Our results corroborate prior
findings that PREMS is especially high among underrepresented
minority women8 and that poor employment conditions and
resources can increase stress.9

NNS across cohorts
When compared with previous NNS studies of full-term infants in the
US Northeast,48 IKIDS infants resembled older, 3-month-old infants
both in the number of bursts per minute (Northeast= 4.50, IKIDS=
4.10) and the number of cycles per minute (Northeast= 49.57, IKIDS
= 45.80), whereas ECHO-PROTECT infants were very different from
both groups in these 2 outcomes (ECHO-PROTECT= 6.30 bursts/min;
61.40 cycles/min). The fact that ECHO-PROTECT infants were older
than IKIDS infants and thus closer in age to the Northeast sample
makes this finding noteworthy. More research is needed to confirm
these results and explore the causes. ECHO-PROTECT is demogra-
phically distinct from the other 2 infant groups, which may partially
explain the NNS differences. Additionally, compared with the other 2
groups, ECHO-PROTECT infants may have higher exposure to
contaminants from the Northern Karst aquifer region in PR,56,57

which may contribute to the NNS differences.

NNS and PREMS associations by cohort
When examining the adjusted linear models for associations
between PSS total scores and NNS outcomes in IKIDS only, there
was a significant positive association with burst duration and a
marginally significant positive association with cycles per burst.
These findings indicate that higher PREMS in IKIDS was associated
with longer bursts that had more suck cycles within the burst.
While not significant, the associations of PSS total score with burst
duration and PSS total score with cycles per burst in ECHO-
PROTECT were in the same positive direction as IKIDS.
When examining the adjusted linear models for associations

between PSS total scores and NNS outcomes in ECHO-PROTECT
only, there was a significant negative association with number of
bursts and number of cycles. These findings show that higher
PREMS was associated with fewer bursts and fewer sucks per
minute. The IKIDS models for these two variables were not
significant; however, the association was in the same direction for
number of bursts but not for number of cycles. The fact that the
meta-analysis also revealed a significant negative association
between PSS total scores and bursts per minute suggests that
differences between cohorts in this context may be largely driven
by sample size. Additionally, differences may also be driven by
residual unmeasured confounding.
As exploratory analyses, we examined the relationship between

individual PSS items and the different NNS outcomes in adjusted
regression models with the two cohorts combined. Findings
indicated that higher total and item-2 (feeling unable to control
important things) scores were associated with fewer but longer
bursts per minute. In addition, higher item-3 (feeling nervous and
stressed) scores were associated with fewer bursts per minute.
Higher item-6 (feeling unable to cope with all that has to be done)
scores were linked with slower sucks (i.e., lower frequencies).
Lastly, higher item-9 (feeling angered because things happening
are beyond one’s control) scores were associated with weaker
sucks (i.e., lower amplitudes). Altogether, these findings indicate
that mothers who reported feeling more nervous and stressed,
less able to control or cope with things, and angrier by their lack of
control had infants with lower and weaker sucking activity (i.e.,
fewer bursts per minute, slower frequencies, and lower ampli-
tude), but the activity lasted longer (i.e., longer burst duration).

Possibly, infants of more stressed mothers are sucking more slowly
and for longer intervals as a self-soothing mechanism,58–60 but
this notion needs further testing. Alternatively, infants may suck
for longer durations to compensate for the fewer bursts and
slower and weaker sucks. Interestingly, total and item-2 (feeling
unable to control one’s life) scores were related to the same NNS
variables (burst duration and number), whereas item-3 (feeling
nervous/stressed), item-2 (unable to cope), and item-9 (angry by
lack of control) scores were related to different NNS variables
(bursts per minute, frequency, and amplitude). Therefore, certain
aspects of stress may be differentially associated with NNS
variables.
Mechanisms underlying these findings remain incompletely

understood. PREMS was previously found to alter fetal cardior-
espiratory function.61 Additionally, PREMS has been associated
with reduced fetal movement,62,63 which seems to mirror the
lower NNS activity in our study. Importantly, the associations
between PREMS, fetal heart rate, and activity level are exacerbated
by lower SES.64 Moreover, the newborns’ biochemical/physiologi-
cal profiles were found to mimic their mother’s prenatal profile,
with stressed or depressed mothers delivering infants with
stressed or depressed profiles (e.g., elevated cortisol and lower
dopamine and serotonin).65 Finally, recent studies with the IKIDS
cohort demonstrate that PREMS negatively impacts neurofunction
(i.e., physical reasoning and information processing speed) in 4-
and 8-month-olds.66,67 These findings suggest that maternal
mood and stress powerfully impacts infants’ central nervous
system starting prenatally and through the first months of life.

Implications
NNS may serve as a quantifiable marker of PREMS in neonates,
allowing for the earlier detection of risk for PREMS-related
complications, including impairments on children’s health and
neuropsychological function.16–28,68 NNS is an important early
measure because it has been used as an index of newborns’ brain
integrity37,69,70 and has been linked to later neurobehavioral
functions (e.g., motor skills, balance, intelligence, and
language).37,38 Overall findings from the current study suggest
that when the mother is stressed during pregnancy her infant’s
NNS is characterized by fewer bursting attempts on the pacifier
but when bursts were attempted, the activity occurred for a longer
duration of time. What this specifically means for subsequent
neurodevelopment remains unknown as this research represents
some of the first attempts to measure infant’s NNS quantitatively
and examine its association with prenatal exposures. It is clear,
however, that higher PREMS is associated with disruptions in
infant’s NNS, and future studies—examining the association
between quantitative NNS measures in the neonatal period with
development across domains later in infancy and childhood—will
shed light as to what specific changes in NNS patterns mean.
Indeed, this is the goal of one of our follow-up studies: to examine
the associations between neonatal NNS patterns and visual
attention, memory, and speed of processing at 7 months of age.
Our findings also highlight the importance of intervention
programs that reduce PREMS to avoid disruptions and promote
optimal fetal and infant development.71,72

Strengths and limitations
The strengths of the current study include analyses of 2 diverse
samples—one from an underserved, low-SES, at-risk population—
yielding more generalizable findings and addressing some critical
public health research gaps. Additionally, the study has a robust
prospective cohort design.
A limitation of this study is that we did not examine other

variables that could impact maternal stress, such as anxiety,
adverse-life events, and social support as we do not have these
data. However, subsequent studies should include these factors in
their analyses if possible. Another limitation is the lack of
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longitudinal NNS assessments, which would allow us to examine
the association of NNS with growth and neurodevelopment over
time. Follow-up studies are needed to continue the current work
and address these limitations across patient populations.

CONCLUSIONS
We identified associations between PREMS and 1- to 8-week-old
infant NNS in 2 cohorts with distinct demographics and PREMS
levels. Specifically, higher PREMS resulted in fewer but longer
bursts. This is the first evidence of a PREMS-NNS association. This
finding is important as it may enable the earlier detection of
exposure-related deficits and, as a result, earlier intervention,
which potentially can optimize outcomes. More research is
needed to further investigate this association and its potential
to serve as an early clinical indicator.
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