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Maternal prenatal stress influences offspring neurodevelopment
and birth outcomes including the ratio of males to females born;
however, there is limited understanding of what types of stress
matter, and for whom. Using a data-driven approach with 27 vari-
ables from questionnaires, ambulatory diaries, and physical assess-
ments collected early in the singleton pregnancies of 187 women,
3 latent profiles of maternal prenatal stress emerged that were
differentially associated with sex at birth, birth outcomes, and fetal
neurodevelopment. Most women (66.8%) were in the healthy group
(HG); 17.1% were in the psychologically stressed group (PSYG),
evidencing clinically meaningful elevations in perceived stress, de-
pression, and anxiety; and 16% were in the physically stressed
group (PHSG) with relatively higher ambulatory blood pressure and
increased caloric intake. The population normative male:female
secondary sex ratio (105:100) was lower in the PSYG (2:3) and PHSG
(4:9), and higher in the HG (23:18), consistent with research showing
diminished male births in maternal stress contexts. PHSG versus HG
infants were born 1.5 wk earlier (P < 0.05) with 22% compared to
5% born preterm. PHSG versus HG fetuses had decreased fetal heart
rate-movement coupling (P < 0.05), which may indicate slower cen-
tral nervous system development, and PSYG versus PHSG fetuses
had more birth complications, consistent with previous findings
among offspring of women with psychiatric illness. Social support
most strongly differentiated the HG, PSYG, and PHSG groups, and
higher social support was associated with increased odds of male
versus female births. Stress phenotypes in pregnant women are
associated with male vulnerability and poor fetal outcomes.

prenatal stress | secondary sex ratio | social support |
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ecades of developmental origins of health and disease

(DOHabD) research demonstrate that “the womb may be
more important than the home” for offspring’s future health (1-3).
The in utero environment influences fetal neurodevelopment (4),
birth outcomes (5), and even the secondary sex ratio (SSR) or the
ratio of males to females born (6). An estimated 30% of pregnant
women report psychosocial stress in their daily lives including job
strain and depressive or anxiety symptoms (7). Maternal psycho-
social stress may increase the risk of preterm birth (PTB) (8-10),
which is associated with greater infant mortality and physical as
well as mental morbidity (11). Although many fetuses appear re-
silient to stress effects, prospective longitudinal research suggests
that pregnant women in the top 15% for prenatal anxiety and
depression have offspring with an estimated 2-fold increased risk
for a mental disorder (e.g., attention deficit hyperactivity disorder
[ADHD] or anxiety), and this effect extends from childhood
through adolescence (12). Greater maternal prenatal psychosocial
stress also is associated with small but statistically significant re-
ductions in intelligence quotient scores and less advanced language
development at 5.5 y old (13) as well as greater likelihood of au-
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tistic traits in school-age children (14). Even before birth, maternal
psychosocial stress effects can be detected in indices of fetal
neurodevelopment such as greater fetal heart rate (FHR) reac-
tivity to stimuli, overall reduced heart rate variability, diminished
habituation to stimuli, and differences in newborn amygdala vol-
ume and resting-state functional connectivity (15-22).

Allostatic load (AL) incorporates multiple subclinical physiological/
physical parameters (e.g., diastolic and systolic blood pressure [BP],
heart rate, body mass index [BMI], immune markers, and cortisol
with consideration of relevant lifestyle factors [diet, exercise, and
social support]) into a single index to measure the cumulative impact
of “wear and tear” on the body of repeated activation, and associated
dysregulation, of physiological systems stemming from chronically
stressful situations (23, 24). Higher AL during pregnancy is associ-
ated with increased odds of both PTB (25, 26) and delivering a low-
birth-weight infant (25, 27). Individual AL factors, including elevated
maternal ambulatory BP and cortisol, have been associated with fetal
neurodevelopment including lower resting FHR, increased FHR
reactivity, and reduced FHR-movement coupling (28, 29).

Maternal stress also impacts sex at birth such that the typically
male-biased SSR (105 male births:100 female births) (30) is di-
minished in the context of maternal prenatal stress (31-36), most
likely as a consequence of male-sex-selective spontaneous fetal loss
(33, 34, 37). Although the population-level stress-related decrease
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in the SSR is debated (38, 39), most agree that a dynamic ex-
pression of the SSR allows for evolutionary response to natural
selection pressures (6) and that males are more vulnerable to in
utero perturbations (40). The tendency for more PTBs among
males (41, 42), and males’ increased risk for early neuro-
developmental disorders such as intellectual disability, autism,
dyslexia, and ADHD (37, 40) and greater likelihood of telo-
mere shortening (43) support this assertion.

This paper presents an approach to phenotyping maternal
prenatal stress, simultaneously considering multiple indices of
psychosocial and physical indices of stress to determine which kinds
of stress matter most for fetal development and birth outcomes.
AL approaches emphasize the physiological impact of chronic
stress, but the single index overlooks specific intervention targets.
Conversely, DOHaD studies relating individual stress indicators to
child outcomes abound but may take an overly reductionist ap-
proach by failing to concomitantly consider multiple physical and
psychosocial indicators of stress, and typically exclude important
factors such as social support, which has been inversely related to
increased odds of PTB (44). Bridging the AL and psychosocial
stress literatures, we collected data on 27 indicators of maternal
prenatal psychosocial, physical, and lifestyle stress and applied a
data-driven approach to determine distinct types of maternal stress
and how these profiles differentially influence birth outcomes
(SSR, gestational age [GA] at birth, birth weight, birth complica-
tions, delivery type, neonatal intensive care unit [NICU] needs)
and fetal neurodevelopment (FHR reactivity and fetal heart rate—
movement coupling). To enhance the study’s clinical relevance, we
also aimed to determine which variable(s) best differentiated the
groups. Social determinants of health (e.g., socioeconomic status)
were examined as profile covariates based on their associations
with psychosocial and physical stress and the potential consequent
implications for interventions.

Results

Identification of Maternal Prenatal Stress Groups. Latent profile
analysis (LPA), a procedure that employs maximum likelihood
estimation to determine distinct subgroups based on a set of
manifest continuous indicator variables (45-47), was used to de-
termine mutually exclusive stress groups which were then assessed
on their substantive, theoretical, and empirical merits. Multiple
solutions specifying 2 to 4 profiles were examined, and the optimal
number of profiles was determined using the size of the subgroups,
the meaningfulness of the models, and model fit statistics. LPA
indicators were selected from the first study assessment (mean
weeks gestation = 19.73, SD = 5.73) and included psychosocial and
AL information obtained primarily via routine screening and/or the
medical record: demographic (age), physical health (prepregnancy
BMI, ambulatory BP, mean arterial pressure, heart rate, and
diurnal cortisol), stressors (perceived stress and positive and neg-
ative pregnancy experiences), mental health (negative daily mood,
depression, anxiety, and posttraumatic stress disorder [PTSD]),
lifestyle (daily overall calories, calories from fat, protein, carbo-
hydrates, and added sugar, and exercise frequency), and perceived
social support (tangible, appraisal, and belonging) factors. The
3-profile model yielded the lowest Bayesian information criterion
(BIC), equivalent entropy values compared to the 2-profile model
(and better than the 4-profile model), and a significant Lo-Mendell-
Rubin (L-M-R) statistic; class probability statistics were 0.91
(profile 1), 0.88 (profile 2), and 0.96 (profile 3). Posterior proba-
bilities were used to assign each participant 1 of the 3 mutually
exclusive groups.

Fig. 1 depicts differences in the 3 stress groups using Z scores
across the indicator variables. ANOVA was used to examine
how the 3 profiles differed on indicator variables (SI Appendix,
Table S1). The largest profile (66.8% of the sample; n = 125)
could be considered both physically and psychologically “healthy”
(healthy group, HG). A smaller group of “psychologically stressed”
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(psychologically stressed group, PSYG) pregnant women (17.1%;
n = 32) had significantly higher scores on measures of perceived
stress, unhappy pregnancy experiences, daily negative affect, de-
pression, anxiety, and PTSD symptoms than the other 2 groups;
PSYG also had higher prepregnancy BMI compared to HG.
Relative to HG and PSYG, a smaller group of “physically
stressed” (physically stressed group, PHSG) pregnant women
(16%; n = 30), had higher average ambulatory systolic and di-
astolic BP and mean arterial pressure during the day and evening.
PHSG also consumed significantly more overall calories, protein,
fat, and sugar as recorded via diary compared to those in HG. All
profiles differed significantly from each other on each of the 3 in-
dices of social support. Groups did not differ on maternal age,
diurnal cortisol, or physical activity. We may have had limited
variability to detect age effects, as only 20% of the current sample
was 35 to 44 y of age and none were 45 y of age or older. Addi-
tionally, assessing cortisol on a single day early in pregnancy may
have contributed to the lack of findings (48). Finally, PDA (per-
sonal digital assistant)-rated physical activity relied on self-report
and did not differentiate type or vigor of activity.

Differences in Stress Indicators. Consistent with work showing that
elevations in BMI are associated with psychological stress such as
PTSD (49), PSYG had higher BMI relative to HG (P < 0.01), with
a trend for higher BMI relative to PHSG (P = 0.057). PHSG’s
systolic and diastolic daytime BP values of 121 mmHG and 87
mmHG, respectively, and nighttime BP values of 120 mmHG and
86 mmHG, respectively, were significantly higher than those in the
HG and PSYG (P < 0.001) and are at the low end of newly de-
fined pregnancy-specific stage 1 hypertension (50), although cau-
tion is warranted as ambulatory measurement used here produces
higher BP values than office-based mercury sphygmomanometer
readings (51). PHSG women consumed significantly more calories
including from fat, protein, and sugar compared to the HG and at
2,665 calories per day were slightly above the 2,500 calories per
day recommended as an upper limit (52).

Levels of perceived stress in both stress groups were similar to
those found in a previous study of pregnant women diagnosed
with depression or anxiety (PTSD Symptom Scale [PSS] total
score >25) while scores in the HG (<20) were consistent with
scores for those without psychiatric conditions (53) (SI Appendix,
Table S1). Similarly, the PSYG’s scores of 15 and 13 on the
Hamilton Depression Rating Scale (HRSD) and Hamilton
Anxiety Rating Scale (HRSA), respectively, are consistent with
mild-to-moderate depression and anxiety in pregnant women
and well above the clinical cut scores of 8 (54, 55), while the HG
scored below the cut scores at 5 on both scales.

Birth Outcomes by Stress Groups. Xz and ANOVA were used to
compare the profiles on select categorical and continuous birth
outcomes and third-trimester fetal neurodevelopment. For vari-
ables that differed significantly between profiles, we conducted post
hoc pairwise group comparisons using least significant differences
for continuous variables or Fisher’s exact test for categorical vari-
ables. In the overall sample, the sex ratio was 1:1 [49.7% male and
50.3% female, ¥*(1) = 0.00, P = 0.1]; however, within groups the
SSR differed (HG 23:18, PSYG 2:3, PHSG 4:9). As shown in Fig. 2
and SI Appendix, Table S2, compared to the HG, both stressed
groups had a lower percent of male births [56%, 40%, and 31% for
HG, PSYG, and PHSG, respectively; XZ(Z, n = 179) = 6.87
(P < 0.09)].

The overall rate of PTB was 8%; however, there were significant
differences in PTB across the stress groups [y*(2, n = 182) = 8.87,
P =0.01], with 22% of PHSG fetuses born before 37 wk compared
to only 5% of HG fetuses (Fig. 3). With respect to GA at birth,
PHSG fetuses were born 1.5 wk earlier than HG fetuses (d = 0.57,
t = =231, P = 0.02). For the whole sample, there was no sex
difference in PTB [odds ratio, OR = 0.84, Xz(l, n =179) = 0.00,
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P = 0.98], yet there was a trend for male fetuses in both stress
groups to be born earlier than those in the HG [F(2, 86) = 2.47,

= 0.09]. Although the occurrence was low (n = 4), fetal de-
mise was strongly associated with maternal stress group [x* (2
n =182) = 8.62, P = 0.01] such that 2 fetal deaths occurred in
the PHSG group, 2 in the PSYG, and none in the HG.

There were nearly significant overall group differences in pre-,
peri-, or postnatal complications [x* (2 n =181) = 5.67, P = 0.06]
(SI Appendix, Fig. S1); follow-up pairwise comparisons indicated
that the PSYG was significantly more likely to report complica-
tions compared to the PHSG [x*(1, n = 58) = 3.85, P < 0.03].
There was a tendency for this pattern to hold for female fetuses
[x*(2,n =87) = 5.74, P = 0.06] but not for males (P = 0.29), in part
because for males both stress groups tended to have hlgher rates of
comphcatlons compared to HG [63% in PSYG, 50% in PHYG,

x*(1,n =19) = 0.02, P = 0.90]. There were no group differences in
dehvery type [x*(4, n =162) = 6.90, P = 0. 14; birth weight [F(2,
167) = 0.38, P = 0.68], NICU involvement [y“(2, n =149) = 1.09,
P = 0.58], or mothers’ or babies’ length of hospital stay [F(2,
120) = 0.14, P = 0.87 and F(2, 105) = 2.61, P = 0.08, respectively].
For babies’ length of hospital stay, after removing one outlier with
greater than 10-d duration, there was no group difference [F(2,
104) = 0.60, P = 0.60]. There was no interaction with baby sex by
length of hospital stay for babies [F(2, 98) = 0.76, P = 0.47] or for
mothers [F(2, 109) = 0.38, P = 0.69].

23998 | www.pnas.org/cgi/doi/10.1073/pnas.1905890116

Fetal Neurodevelopment by Stress Groups. Based on a subset of
offspring with usable fetal data (n = 87), there was a significant
group difference in fetal heart rate—-movement coupling [F(2, 85) =
4.92, P < 0.05]: PHSG versus HG fetuses had significantly less
coupling, an index reflecting central nervous system integration of
the autonomic and somatic systems (d = —0.90, ¢t = —3.09, P < 0.01;
Fig. 4). When examined by fetal sex, both stress groups had lower
coupling levels relative to the HG among females (d = —0.81, ¢t =
-2.02, P = 0.05 in PSYG; d = -0.87, t = —=2.26, P = 0.03 in
PHSG), but there were no group difference among males [F(2,
44) = 2.23, P = 0.12]; findings may reflect fewer males in the stress
groups. Among the subset of fetuses with usable data (n = 118),
FHR reactivity did not differ by stress group [F(2, 118) = 1.25, P =
0.29]. However, female fetuses in the PHSG had higher reactivity
than the other groups [F(2, 59) = 4.28, P = 0.02; PHSG versus HG:
d =093, 1(59) = 2.80, P = 0.007; PHSG versus PSYG: d = 0.95,
1(59) = 2.43, P = 0.02], while no difference was found in males
[F(2, 55) = 1.55, P = 0.22].

To ensure that effects of group membership on birth and fetal
outcomes were not entirely accounted for by poor maternal
physical health, a sensitivity analysis was conducted removing
the 12 women who reported prenatal diabetes mellitus, vascular
problems, or preeclampsia (SI Appendix, Table S3). The effects
of group membership remained significant for SSR and PTB but
shifted from significant to trend level for GA at birth and fetal
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Fig. 2. Xz differences in fetal sex (percent) by maternal stress group (*P < 0.05) with SE bars; 8 of 187 participants were missing fetal sex. For both sexes, significant
differences were only observed between the healthy and physically stressed groups.

heart rate-movement coupling; pairwise comparisons remained
significant even when overall P values shifted to trend level.

Variables That Most Strongly Discriminated Stress Groups. To en-
hance the study’s clinical relevance with respect to the identifica-
tion of potential targets for intervention, we assessed which of the
27 indicator variables best differentiated the stress groups. We
performed a partial least square discriminant analysis. Based on 5-
fold cross-validation, the model with 2 components was selected. A
variable importance in projection (VIP) score reflects the relative
importance or explanatory power of the 27 stress indicators in
differentiating the stress groups. We extracted the VIP scores on
the first and most discriminant component of the final model. The
variables with VIP scores greater than 1 are considered most rel-
evant for differentiating the 3 stress groups (56). SI Appendix, Fig.
S2 shows the VIP scores of the 27 variables sorted by VIP scores.
Eight variables were considered important (>1) and the 3 social
support variables—appraisal: people with whom to talk; belonging:
people with whom to spend time; and tangible: people on whom to
rely for material help—had the 3 highest VIP scores. When a
composite social support score was used, the VIP score for the
cumulative social support score was 3, well above those for other
indicators (SI Appendix, Fig. S3). Other indicators with VIP scores
greater than 1 included depression, PDA-rated negative affect,
anxiety, and PTSD symptoms. Across all 3 social support subscales
with potential scores ranging from 0 to 40, PSYG had the lowest
(17, 18), PHSG next (22-26), and HG highest (26-29) (SI Ap-
pendix, Table S1 and Fig. S4), which significantly differed from
each other [appraisal: F(2,158) = 108.84, P < 0.001; belonging
F(2,158) = 86.27, P < 0.001; tangible F(2,158) = 69.63, P < 0.001].

Social Support and Outcomes. As social support indices were the
strongest differentiators of the stress groups, we investigated if
maternal stress group effects on our key perinatal outcomes would
remain when controlling for the composite social support score. As
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shown in SI Appendix, Table S4, when variation in social support
was included in the statistical models, maternal stress group dif-
ferences in SSR and GA at birth were no longer significant, be-
came weaker for PTB, yet remained robust for fetal coupling.
To further probe the impact of social support, we examined
social support in relation to the likelihood of having a male versus
female baby. Quantiles were used to categorize each social support
variable into 4 groups and logistic regression was used to compare
odds of male birth across the 4 groups. The lowest social support
group was used as the reference group. As shown in SI Appendix,
Fig. S5, having more social support was associated with higher
odds of male to female births (composite social support 1-unit
increase, OR 1.02, P = 0.05); the odds of male birth were signif-
icantly higher in the high versus low group on the belonging sub-
scale (OR = 2.56, P = 0.04) and trend level in the high versus low
group on the tangible subscale (OR = 2.33, P = 0.08). Logistic
regression conducted with continuous social support variables
showed that the odds of male births increase by 8% per 1-point
increase in the tangible support score (OR = 1.08, P = 0.02), 7%
per 1-point increase in belonging score (OR = 1.07, P = 0.05), and
4% per 1-point increase in appraisal score (OR = 1.04, P = 0.24).

Social Determinants of Health among Stress Groups. There were
significant demographic correlates of profile membership, many of
which are routinely identified as social determinants of health and
contributors to future health trajectories (57, 58) (SI Appendix,
Table S5). Women in the PSYG were more likely to be Hispanic
and report fewer years of education, a lower household income,
and increased likelihood of receiving needs-based public assistance
compared to women in the other 2 profiles. Women in the PSYG
also reported more prior pregnancies and abortions compared to
HG and had more children than women in both of the other
groups. Women in the PSYG reported higher levels of childhood
emotional abuse and physical neglect compared to women in
the other 2 profiles, and all 3 groups differed significantly on
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Fig.3. 2 differencesin PTB (percent <37 wk) by maternal stress groups (**P < 0.01) with SE bars are presented for all participants (Left, n = 182) and separately by
fetal sex (Right, n = 179). In the overall sample, only the healthy and physically stressed groups differed significantly.

childhood emotional neglect such that women in the PSYG
reported the highest levels, PHSG moderate levels, and HG lowest
levels. Women in the PSYG reported less warm caregiving and
more overprotective caregiving from their mothers compared to
those in PHSG and HG, and more overprotective caregiving from
their fathers compared to the HG.

Discussion

This data-driven approach to phenotyping prenatal maternal stress
among women who, for the vast majority, were otherwise desig-
nated as having medically healthy pregnancies went beyond studies

relating AL or individual stress indicators to birth outcomes by
identifying maternal stress phenotypes that have unique effects on
birth outcomes. Three profiles emerged: an HG, a PSYG, defined
by clinically relevant mood and mental health symptoms, and a
PHSG, distinguished by physical indicators of stress largely in-
dependent of any medical condition. Of the 27 psychosocial,
physical, and lifestyle indicators considered, social support—or
lack thereof—contributed most to differentiating the 3 groups. In
both stress groups, the SSR—typically more males born than fe-
males—was reduced compared to both population norms and the
HG, and greater maternal social support increased the odds of
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Fig. 4. Third-trimester FHR-movement coupling by maternal stress groups are presented for all available participants (Left, n = 87) and by fetal sex (Right, n = 85)
(*P < 0.05; **P < 0.01). Fetal FHR and fetal movement were simultaneously assessed via a transabdominal Doppler during a 5-min laboratory stressor task and

cross-correlations were computed to estimate “coupling.”
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having a male. Compared to the HG, the PHSG had elevated PTB
risk and lower fetal heat rate—-movement coupling; however, the
PSYG had more perinatal complications than the PHSG.

The population-normative male:female SSR, typically 105:100
(30), was lower in the PSYG (2:3) and PHSG (4:9) and higher in
the HG (23:18), suggesting that male births are less common in the
presence of maternal stress. These results are consistent with
studies suggesting that male fetuses versus females are less likely to
survive in suboptimal conditions (34, 59-63). Decreased male
survival in utero in the context of poor maternal conditions has
been observed in other mammals (64), and population-level data
suggest that the relative number of male births tends to decrease in
the context of maternal exposure to earthquakes and social up-
heaval, including President Kennedy’s assassination and the 9/11
terrorist attacks in New York (31-36). Diminished male fetal
survival is poorly understood (59) and not without controversy (38,
39). SSR stress-related effects are frequently interpreted via evo-
lutionary models as a process of “culling the weak” so that the
fittest procreate (37) as well as supported by DOHaD research on
prenatal programming which shows early male vulnerability
proximal to the in utero exposure (65). Potential biological ex-
planations for the decreased SSR in the presence of maternal
stress abound. For instance, male fetuses are slower to mature
than female fetuses, resulting in a prolonged period of vulnera-
bility (40), and X-linked genes that may confer protection by fos-
tering adaptability to survive (66, 67) are expressed at higher levels
in the female placenta (40). Additionally, recent work showing a
male bias in maternal-stress-linked newborn telomere shortening
in cord blood suggests a possible pathway via accelerated aging
and cell senescence (43, 68). Finally, masculinization of the brain
typically cooccurs with the sensitive period during which maternal
immune activation can negatively influence brain development
(69). As with all biomedical research findings, these SSR results
would not necessarily apply uniformly to all individuals.

Findings that the 3 social support indicators most strongly dis-
criminated the groups and that total social support was associated
with increased likelihood of having a male were unexpected.
PSYG had the lowest levels of all 3 forms of social support (others
with whom to talk, spend time, and on whom to rely for material
help), which is consistent with studies suggesting that mental
health problems and low social support highly correlate (70-72).
However, PHSG also had lower social support compared to HG,
which is consistent with data suggesting that high AL is associated
with unsatisfactory social relationships and support (73). Lack of
social support during pregnancy is associated with poor birth
outcomes as well as perinatal depression (44, 74-77). Preclinical
(78) and translational studies (79, 80) indicate that social isolation
hampers effective hypothalamic—pituitary—adrenal-axis regulation,
reduces brain-derived neurotrophic factor expression, and amplifies
proinflammatory processes identified at the molecular level—each
potentially involved in maternal mental and physical health and
contributing to offspring outcomes (81). From the perspective of
solution-oriented research (82), these findings suggest that social
support is a modifiable target for clinical engagement that could
benefit women and their future children (83).

The PHSG had elevated rates of PTB compared to the HG
(22% versus 5%), a striking difference as the PTB rate in the
PHSG was more than twice the national average of 9.9% (84) and
PHSG infants were born 1.5 wk earlier on average than HG in-
fants. PTB is a significant cause of infant mortality (85) and in-
creased physical and mental morbidity (11). Even among those
born at term (37 wk or later), subsequent childhood academic
achievement is more advanced among those born closer to 40 wk
(86). Population-level data indicate that disease burden among 3-
to 5-y-old children is significantly higher among those born pre-
term or early term (37 to 38 wk) compared to those born full-term
(87); thus, a difference of 1.5 wk can impact important health and
educational outcomes. In this sample of healthy women, routinely
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measured indicators of physical stress revealed a phenotype of
women whose fetuses were at higher risk of PTB. Prior null results
of significant associations between maternal prenatal stress and
birth outcomes (44, 87) may reflect minimal inclusion of physio-
logical or physical indicators of stress, potentially forming a unique
maternal prenatal stress group (9). The present findings indicate
that an AL approach to characterizing maternal prenatal stress
should be included in studies to fully capture the varied manifes-
tations of stress, a matter of urgency in the context of the racial
and ethnic disparities on the rise in the US maternal morbidity and
mortality rates and poor birth outcomes (89-91).

Results that third-trimester fetuses in the PHSG relative to the
HG evidenced reductions in fetal heart rate and movement cou-
pling may suggest slower central nervous system development, as
greater third-trimester coupling has been associated with faster
auditory-evoked responses among newborns measured within 2 wk
of birth (92). Results suggesting that third-trimester PSYG fetuses
had a heart rate increase during maternal exposure to an acute
laboratory stressor while HG fetuses had a (nonsignificant) heart
rate decrease are consistent with our prior studies showing greater
FHR reactivity among fetuses of women with elevated trait anxiety
and diagnosed anxiety and depression (15, 16, 20, 93).

For both fetal neurodevelopmental outcomes examined,
trends for sex differences emerged consistent with heightened fe-
male adaptation to altered prenatal environmental conditions,
which frequently is hypothesized as functioning to ensure survival
(37, 65-67, 81). Specifically, female fetuses in both stress groups,
though not males, showed reduced coupling relative to HG fe-
males, and for FHR reactivity the overall pattern held for females
but not for males. Alternatively, males born in the 2 stress groups
may be especially robust, able to accommodate and develop de-
spite altered prenatal environmental conditions.

Social determinants of health that were most prevalent in the
PSYG, including minority status, low income, and financial need,
are consistent with numerous studies suggesting that socioeco-
nomic disparities predict poor perinatal mental health (94-96).
Additionally, relative to the other groups, PSYG women reported
more early life adversity, which has been implicated in adult psy-
chopathology (97), including for pregnant women (98, 99). Ma-
ternal exposure to childhood adversity may alter gestational biology
to negatively affect women as well as the health of future children
(57, 58, 100-103), while greater childhood emotional support has
been associated with positive offspring outcomes (e.g., longer
newborn telomere length) (43). Findings underscore the need for
prevention and early intervention for adversity to improve women’s
future maternal health and the heath of the next generation.

Limitations of the current study are as follows. First, several
racial/ethnic groups were underrepresented in the current sample
and will be important to include in future studies to ensure gen-
eralizability of these observations. Second, although each preg-
nancy was well-characterized using multiple methods of assessment
across a wide range of psychosocial and AL factors, the sample
sizes for the 2 stress groups were relatively small and the sample
sizes for subgroup analyses (e.g., sex differences) and fetal neuro-
development analyses were even smaller; thus, results should be
interpreted with caution. Third, a large number of analyses were
run and most P values would not hold up to correction for multiple
tests so results must be replicated to ensure confidence in findings.
Fourth, participants were women with singleton, largely healthy
pregnancies; therefore, findings may not generalize to women with
higher-risk pregnancies. Fourth, although this data-driven pro-
cedure yielded an important means of assessing maternal prenatal
stress, we did not include all possible indicators of maternal stress
(e.g., inflammation, oxidative stress, and telomere length) and re-
sults could differ based on the inclusion of other variables. Fifth,
preconception stress variables were not measured and may be
important to include in future studies. Sixth, although we included
a single item on whether fathers were involved, future work should
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attempt to more comprehensively characterize the role of fathers
in maternal prenatal stress and perinatal outcomes.

Results of the current study highlight a number of avenues for
future research. First, although the current study determined
latent profiles based on markers assessed early in pregnancy
because we anticipated that early identification of those at risk
for poorer outcomes would allow for time to implement mean-
ingful interventions to change outcomes, future work could ex-
amine how stress markers and stress group membership changes
over the course of pregnancy to provide a more nuanced un-
derstanding of these malleable stress markers and the best point
at which to intervene. Second, consistent with the recent em-
phasis to leverage randomized control trials to experimentally
test findings from observational studies (e.g., ClinicalTrials.gov
identifier NCT03011801), these findings provide stress, anxiety,
depression, and subclinical health parameters to guide clinical
intervention studies aimed at mitigating maternal prenatal stress
effects on reproductive outcomes. Although replication is nec-
essary, this study lays the groundwork for the development of a
standardized data collection tool to index maternal prenatal
stress using routinely collected information such as the markers
assessed here that could be an important next step in advancing
maternal prenatal health screening. Third, although outside the
scope of the current study, to understand whether a count of risk
factors or certain combinations of risk factors better predict
perinatal outcomes, it could be useful to compare an AL ap-
proach to operationalizing maternal stress to our data-driven,
person-centered method.

The current study leveraged a data-driven approach to maternal
stress during pregnancy that bridges the AL and psychosocial lit-
eratures relevant to less optimal pregnancy outcomes and chil-
dren’s future well-being. The key contributions of this study are the
identification of 2 maternal prenatal stress phenotypes, one char-
acterized by clinically significant psychological stress and the other
by subclinical physical stress, which were associated with fetal and
birth outcomes, and to which males seem more vulnerable— in-
cluding which sex is born, risk of PTB, and variations in fetal
neurodevelopment relevant to future functioning. Social support—
a potential clinical target—is a key factor defining stress pheno-
types and should be included in future DOHaD studies. Maternal
mental health matters, and the womb is an influential first home.

Materials and Methods

Participants. Pregnant women between the ages 18 and 45 y participated in
the study between September 2011 and September 2016. They were recruited
in the first or second trimester through the Departments of Obstetrics and
Gynecology at Columbia University Medical Center (CUMC) and flyers posted
in the CUMC vicinity. All had a healthy pregnancy at the time of recruitment.
Participants were excluded if they acknowledged smoking or use of recrea-
tional drugs, lacked fluency in English, were pregnant with multiples, or
reported use of the following: nitrates, steroids, beta blockers, triptans, or
psychiatric medications. Inclusion criteria included self-reported good health
of self and fetus and current enrollment in standard prenatal care.

We enrolled a total of 187 participants as part of a study designed to ob-
serve mood and stress during pregnancy. All participants provided written
informed consent, and all procedures were approved by the Institutional Re-
view Board of the New York State Psychiatric Institute/CUMC. The final dataset
included all 187 participants who had a mean age of 29.6 (SD = 6.2; range =
19.5 to 44.9 y). More than two-thirds of the sample (69%; n = 129) identified
as Hispanic/Latina. The mean number of years of education was 14.9 (SD =
3.1), and one-third reported a family income under $25,000. Nearly half
reported being on Medicaid (n = 93), 43% (n = 81) reported Women Infant
and Child (WIC), and 25% (n = 46) reported other public assistance. Three-
quarters of the sample (n = 141) had been pregnant previously.

Procedures. Participants had 3 assessment sessions at 12 to 22 wk, 23 to 28 wk,
and 34 to 36 wk of pregnancy. Study sessions consisted of maternal mood
assessment (self-report and interview based), lifestyle habits, as well as ini-
tiation of the collection of 24-h ambulatory BP, 48-h salivary cortisol, and
mood using a PDA. Only data from the first session (12 to 22 wk) were in-
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cluded as indicators to generate stress groups. Fetal assessments occurred at
the third session. For fetal testing, participants remained in a semirecumbent
position and completed a 5-min resting period (baseline, on which the
coupling variable was based) and a 5-min validated laboratory stressor task
[the Stroop color-word matching task (104) or 5-min Respbar task (a con-
trolled breathing exercise following a computer prompt)]. The order of
presentation of Stroop and Respbar tasks was counterbalanced across par-
ticipants and controlled for in analyses of FHR reactivity defined as FHR
during baseline — FHR during the stressor task. Birth outcomes were obtained
from the medical records.

LPA Indicator Variables.

Demographic characteristics. Maternal age was self-reported at enrollment.
Stressors and stress perceptions. Happy and unhappy pregnancy experiences
were assessed via the Pregnancy Experiences Scale (105), a 41-item measure
of maternal exposures to daily, ongoing uplifts and hassles specific to preg-
nancy (e.g., thinking about nursery arrangements, how much baby is mov-
ing). Participants rate how happy, uplifted, or positive or how unhappy,
negative, or upset they feel for each on a scale from 0 (not at all) to 3 (a great
deal). Perceived stress was assessed via the Perceived Stress Scale (106), a 14-
item measure of the degree to which life situations during the previous
month are perceived as stressful. Participants respond to items on a 5-point
Likert scale ranging from 0 (never) to 4 (very often), and higher scores reflect
greater perceived stress. The scale has adequate reliability (Cronbach’s alphas
of 0.84 to 0.86) (106).

Mental health indicators. Negative mood states were collected via a PDA every
30 min for a 24-h period timed to begin with the laboratory assessment. Using
a 5-point Likert scale ranging from 1 (low) to 5 (high), participants rated
themselves according to 4 negative mood states: angry, frustrated, irritated,
and stressed. A weight was created by dividing the number of diary entries at
each session by the total number of diary entries across all study sessions. The
average for the 4 items was calculated for each participant and multiplied by
the weight at that session. Participants were incentivized to provide ratings,
earning $0.10 per rating. Depression and anxiety were measured via the
HRSD (107) and the HRSA (108), respectively, administered during laboratory
visits. The validity and reliability of the HRSD and HRSA are well established
(109-111). Current symptoms of PTSD were measured via the PSS Interview
(PSS-I) during laboratory visits. The PSS-1 (112, 113) is a semistructured self-
report interview consisting of 17 items that correspond to the DSM-IV
symptoms of PTSD. The PSS-I has been found to be reliable and valid in ci-
vilian trauma survivors (113).

Physical indicators. Prepregnancy BMI was calculated from participants’ self-
reported weight in pounds and measured height.

Ambulatory BP, heart rate, and mean arterial pressure. Participants were outfitted
with a Spacelabs Healthcare 90207 ABP Monitor (Spacelabs Healthcare), an
instrument with documented reliability, validity (51), and acceptability (114)
in pregnant populations, with which measures of ambulatory systolic and
diastolic BP, mean arterial pressure, and heart rate were collected every
30 min over the subsequent 24-h period. During instrumentation, cuff size
was adjusted for upper arm dimensions, and 2 readings were compared to
an initial measurement via sphygmomanometer with the requirement that
readings fall within 10 mmHg of one another.

Maternal diurnal cortisol. Forty-eight hour salivary cortisol collection began
during the first day of the study session. Subsequent samples on the second
day were collected at waking; at 45 min, 2.5 h, 3.5 h, and 8 h after waking; and
at 10:00 PM or before going to bed. The Medication Event Monitoring System
track cap (Aardex) was used to monitor collection times. After collection,
cotton was placed in a Salivette tube (Sarstedt), returned to the laboratory,
and frozen at 280 °C. Cortisol was measured by ultraperformance liquid
chromatography-tandem mass spectrometry assay developed by the Irving
Institute for Clinical and Translational Research, CUMC. The lower limit of
quantitation was 100 pg/mL. Intraassay and interassay coefficients of vari-
ation are less than 3.4% and 3.6% over the analytical measurement range
(100 to 50,000 pg/mL). The diurnal slope was calculated using linear curve
fitting based on the least squared error method for the participants with
more than 2 valid measurements after 45 min from wakening up.

Lifestyle indicators. Nutrition data regarding macronutrients (overall calories as
well as calories from protein, fat, and carbohydrates) and added sugar were
acquired via the Automated Self-Administered 24 h Dietary Recall (ASA24).
The ASA24 is an internet-based questionnaire provided by the National
Cancer Institute (115) that asks participants to recall food intake over the
preceding 24 h using detailed probes and portion-size food images. The
ASA24 generates estimates using 3 databases: the USDA's Food and Nutrient
Database for Dietary Surveys, MyPyramid Equivalents Database (MPED), and
the Center for Nutrition Policy and Promotion’s MPED Addendum. Physical
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activity was collected via the PDA every 30 min for a 24-h period, timed to
begin with the laboratory assessment. Participants were asked how active
they were in the past 30 min on a scale from 0 (not active) to 3 (very active).
The total physical activity score used in analyses was an average of scores
from the first visit.

Social support. Perceived availability of social support was measured by 3 of
the 4 Interpersonal Support Evaluation List (ISEL) subscales (116): tangible
support, appraisal support, and belonging support. Tangible support refers
to material aid, appraisal support refers to emotional support, and be-
longing support is the perception of being a member of a social group (117).
Each subscale contains 10 items with 4 response options: “definitely true,”
“probably true,” “probably false,” or “definitely false.” Higher scores reflect
greater perceived levels of support. The ISEL has shown good reliability and
validity (116-118).

Outcome Measures.

Fetal behavioral assessment. For the fetal assessment, participants were in a
semirecumbent position as fetal movement (FM) and FHR were acquired on
the first day of the second and third sessions. Data were obtained using a Toitu
MT 325 fetal actocardiograph (Toitu Co.). The Toitu detects FHR and FM via a
single transabdominal Doppler transducer and processes this signal through a
series of filters. The detection of FM uses these filters to remove frequency
components of the Doppler signal that are associated with FHR and maternal
somatic activity and has been shown to be reliable (119-122). FHR and FM data
were collected from the output port of the Toitu MT 325 and digitized at 50
Hz using a 16-bit A/D card (National Instruments 16XE50). Data were ana-
lyzed offline using custom MATLAB programs (http:/Awww.math-works.com/)
developed for this project. Two fetal variables were of interest: mean FHR
during maternal tasks compared to baseline (FHR reactivity) and FM/FHR
cross-correlation (“coupling”). As a first step in preprocessing, FHR below
80 beats per minute (bpm) or above 200 bpm was linearly interpolated and
then low-pass-filtered at 3 Hz using a 16-point finite impulse response filter.
The mean of the resulting FHR was taken over noninterpolated values. Fil-
tered FHR was further examined for artifact in the following way: Times at
which the absolute sample-to-sample (20 ms) change in FHR exceeded 5 bpm
were found and FHR was marked as artifact until it returned to within 5 bpm
of the previous value. The resultant gaps were linearly interpolated. Because
the FHR/FM coupling of interest occurs on time scales fewer than 4 min, we
estimated cross-correlation of FHR and FM for the 5-min period by averaging
cross-correlations taken for 4-min overlapping (50%) segments. This is akin to
averaging over fast Fourier transformation in the Welch method of power
spectrum estimation (123). FHR-FM cross-correlations were computed as
follows: 1) FHR and FM over the entire record were first band-pass-filtered
between 0.002 and 0.05 Hz using a 400-point FIR filter; 2) FHR was further
smoothed by subtracting a local regression of 10% span; 3) decelerations of
FHR were set to zero; and 4) FM was z-scored (124). Before taking the cross-
correlation for each 4-min segment, a Hanning window was applied. Based
upon hundreds of similar studies (28), our group has developed criteria used
to screen data for artifact. Specifically, individual segments were excluded
from the average if any of 3 conditions applied: 1) Total interpolated FHR
exceeded 50% of segment length; 2) an interpolated gap of greater than 30 s
occurred; or 3) cumulative time of interpolated gaps between 2 s and 30 s
exceeded 1 min. As an aid to postprocessing, the mean percentage of in-
terpolated data within each segment and the number of nonexcluded seg-
ments were recorded. Finally, as a further control for artifact, any segment
with maximum cross-correlation at a lag of less than —15 s or greater than 0 s
was not included in the average spectral power or cross-correlation calcula-
tion because true physiological FHR-FM coupling is within this range, with FM
leading FHR (125). For fetal neurodevelopmental measures, any data points
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more than 1.5 interquartile ranges below the first quartile or above the third
quartile were considered as outliers and removed from statistical analyses.
Twenty-eight women did not attend the study session at 34 to 36 wk,
resulting in missing fetal data, while 23 to 60 fetuses had missing data
due to quality issues depending on the specific fetal neurodevelopmental
assessment.

Birth outcomes. Medical records were coded for delivery type (vaginal, assisted
vaginal, caesarian); GA (weeks); birth weight (grams); pre-, peri-, or postnatal
complications (e.g., infection, preeclampsia, vascular problems, or diabetes
mellitus); NICU involvement (yes/no); and baby’s and mother’s length of
hospital stay (days). GA and birth weight were correlated (r = 0.66, P < 0.001);
therefore, sensitivity analyses were run to correct birth weight for GA.
Specifically, standardized residuals from a linear regression model predicting
birth weight from GA were used as a dependent variable in an ANOVA with
latent profile groups as the independent variable; significant differences
were not observed.

Social determinants of health related to profile membership. Participants self-
reported Hispanic ethnicity, years of education, household income, and re-
ceipt of Medicaid, WIC, and other public assistance. They also reported
whether the baby’s father was involved, whether this was their first preg-
nancy, and the number of children, miscarriages, and abortions they had.
Participants reported on their own history of 5 types of childhood maltreat-
ment (emotional, sexual, and physical abuse as well as emotional and physical
neglect) using the Childhood Trauma Questionnaire—Short Form (CTQ-SF)
(126). Respondents are asked to rate on a 5-point Liker-type scale (1 =
never and 5 = very often) how frequently they experienced certain events.
Past research demonstrates that the CTQ-SF has good sensitivity and excellent
convergent and discriminant validity (127-129). Participants also reported on
their relationships with their own mothers and fathers using the Care and
Overprotection subscales of the Parental Bonding Instrument (PBI) (130), a 25-
item scale describing parents’ behaviors during their childhood from “very
like,” “moderately like,” “moderately unlike,” and “very unlike.” The PBI has
shown good reliability and validity (131, 132).

Statistical Considerations.

Missing data. Although this study was designed to assess women once during
each trimester, we allowed women to enroll later than the first trimester and
thus have some missing data on first assessment LPA indicators. Those who
were missing at least one first trimester data point (n = 79) did not differ
from those with complete first assessment data on age, race/ethnicity, years
of education, or income. Missing data were handled via full information
maximum likelihood estimation, which is asymptotically equivalent to mul-
tiple imputation (133). There were no demographic differences in mean
week of entry into the study by latent profile, F(2,183) = 1.54, P = 0.22,
further supporting that missing data did not influence the LPA.

Model fit statistics. The Akaike information criterion and BIC are relative fit
statistics wherein lower values indicate a better-fitting model (134). Entropy
values indicate how well the model identifies separate latent profiles; values
above 0.80 provide good separation between profiles (45). The L-M-R test is
a comparative fit statistic; significant values indicate how many profiles
should be extracted by testing the parsimony of the current model against
the model with one less profile (135). Class probability statistics summarize
how well participants can be classified into one group or another based on a
given model; values closer to 1 indicate better classification (136).
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