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Abstract

:

Infant birth weight influences numerous health outcomes throughout the life course including childhood obesity and metabolic morbidities. Maternal experience of stress, both before and during pregnancy, has been hypothesized to influence fetal growth and birth outcomes. However, these associations currently are not fully understood, due to conflicting results in the published literature. Salivary cortisol is often used as a biological biomarker to assess the diurnal pattern of the hypothalamic–pituitary–adrenal axis (HPA-axis) functioning. Cortisol metrics include both the total cortisol concentration secreted during waking hours, reflected by the area under the curve (AUC), and cortisol dynamics, which include the diurnal cortisol slope (DCS) and the cortisol awakening response (CAR). This study examined the association of these cortisol metrics measured during the third trimester of pregnancy and infant birth weight among 240 mother-infant dyads participating in the Maternal and Developmental Risks from Environmental and Social Stressors (MADRES) pregnancy cohort study, which is predominately comprised of Hispanic low-income women. There were no significant associations with the maternal biological stress response and infant birth weight in this study. More research is needed in larger studies to better understand how the biological stress response influences birth weight in populations facing health disparities.
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1. Introduction


Infant birth weight is an indicator of the intrauterine environment and is associated with numerous health outcomes throughout the life course [1,2]. Low birth weight, defined as <2500 g, increases the likelihood of childhood obesity and subsequent metabolic health morbidities, such as type 2 diabetes [3,4,5,6,7]. Fetal macrosomia (often defined as ≥4000 g) reflects infants large for gestational age at birth and can also influence childhood weight gain and obesity risk [8,9,10]. Numerous maternal characteristics may positively or negatively impact infant birth weight, including smoking, nutrition, and hypertension [11]. In addition to these known risk factors, maternal experience of stressful life events and the associated biological stress response, both before and during pregnancy, have long been hypothesized to influence fetal growth and birth outcomes [12,13,14,15,16].



Health disparities exist between racial/ethnic groups as well as income levels [17]. Income levels below the poverty line during pregnancy have been shown to be associated with negative birth outcomes due to decreased access to care as well as factors related to maternal stress [18]. Within the United States, Black and Hispanic populations experience higher rates of preterm birth and low birth weight compared to their non-Hispanic White counterparts [19]. Minority groups face unique stressors including limited cultural sensitivity, discrimination, and acculturative stress for immigrants such as separation from family, change in traditions, and language barriers [20,21]. These stressors are hypothesized to affect overall health in many ways. Given the predictive value of birth weight on health outcomes throughout the life-course [1], it is important to understand how prenatal stress and the associated biological stress response influence birth weight in populations facing health disparities.



Cortisol is a key hormone that is produced by the hypothalamic–pituitary–adrenal axis (HPA-axis), which is one of the major components of the physiological stress response system. Cortisol secretion follows a circadian pattern, with daily cortisol levels rising in the hours prior to awakening with a peak approximately 30 min after awakening, followed by a decline throughout the day and reaching the lowest levels in the late evening hours [22,23,24]. Although the diurnal pattern remains consistent during pregnancy, a woman’s baseline cortisol secretion increases up to four-fold compared to non-pregnancy levels, with the highest levels in the third trimester in preparation for birth [25,26]. In addition to this natural increase needed to support fetal development, daily stressors (physiological and psychological) can cause sharp short-term fluctuations of cortisol levels [27,28]. While in utero, the placental enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) keeps the fetus largely blocked from maternal cortisol by converting it to an inactive form. Although 11β-HSD2 blocks most of the maternal cortisol, a small proportion of maternal total cortisol passes through the placenta to the fetus. This exposure has been related to shorter gestation and negative effects on fetal development, including lower birth weight, by reducing the blood flow needed for oxygen and nutrients [29,30,31,32,33]. Additionally, prenatal corticosteroids repeatedly prescribed to women at risk for preterm birth have shown to influence poor fetal growth and lower birth weight [34]. Prenatal studies on the effects of HPA-axis on infant birth weight have produced mixed results. Although higher prenatal cortisol concentration has been identified as an independent predictor of lower infant birth weight in some study populations [35,36,37,38,39,40,41,42,43], it has not been shown in others [44,45,46]. This divergence in results may be due to differing demographics within study populations and their stress responses, or inconsistencies in the methods used to capture and interpret cortisol concentrations and diurnal responses [47].



In order to further elucidate the relationship between maternal HPA-axis activity during pregnancy and fetal growth, we aimed to explore the association of the maternal biological stress response during the third trimester through several cortisol metrics. These metrics include the total cortisol concentration secreted during waking hours, reflected by the area under the curve with respect to ground (AUCg), and cortisol dynamics, which includes both the diurnal cortisol slope (DCS) and the cortisol awakening response (CAR). The DCS reflects the change in cortisol secretion from morning to evening while the CAR represents the increase in cortisol secretion specifically in the 30–45 min from awakening [48,49]. These cortisol metrics (AUCg, CAR, and DCS) during the third trimester of pregnancy were assessed for their influence on infant birth weight in a predominately low-income Hispanic pregnancy cohort.




2. Materials and Methods


2.1. Sample


All participants were enrolled in the ongoing maternal and developmental risks from Environmental and Social Stressors (MADRES) pregnancy cohort study. The cohort is based in urban Los Angeles and is predominately comprised of Hispanic women, followed by a smaller sub-set of Black women. The majority of mothers are of low-income, primarily insured by Medicaid/Medi-Cal, which are strong indicators of health inequities. Methods of the MADRES study and protocol have been described previously [50]. In brief, participants were recruited during pregnancy from four prenatal clinic sites. These include two community health clinics, one county hospital prenatal clinic, and one private obstetrics and gynecology practice. Eligibility for participants at the time of recruitment included: (1) less than 30 weeks pregnant, (2) at least 18 years of age, and (3) a fluent speaker of English or Spanish. Exclusion criteria for the study included: (1) multiple gestation; (2) having a physical, mental, or cognitive disability that would prevent participation or ability to provide consent; (3) current incarceration; and (4) HIV positive status. At study entry, informed consent was obtained from each participant, and all study aspects were approved by the University of Southern California’s Institutional Review Board.



Within the MADRES cohort, 372 mothers completed at-home saliva collections over one day (up to four samples) in their third trimester of pregnancy (sample range: 26–35 weeks gestation). A total of 240 mother–infant dyads with complete maternal cortisol data, birth outcomes data, and key maternal and infant covariates were included in the current analysis. After cleaning the raw data (N = 372) and completing quality control checks to ensure all samples were taken on the same day by individually looking at each mother’s reported times and dates, 343 mothers collected at least one sample according to the protocol (explained in more detail below). Three dyads were then removed for not having recorded birth weight available, seven dyads were removed for missing maternal demographic data and/or key covariates collected in the third trimester questionnaire, and 93 were removed for providing less than four saliva samples on the assessment day, which were needed to calculate the cortisol concentration of AUCg. The consort diagram presenting sample exclusions are shown in Figure 1. Maternal and infant demographic and health characteristics were similar (data not shown) in mothers who properly provided one or more saliva samples across the day (N = 343) to those who completed collection of all four samples across the day (N = 240).




2.2. Salivary Cortisol Collection


In order to measure the diurnal pattern of cortisol secretion, participants completed an at-home, non-invasive, salivary cortisol collection using a Salivette device (Sarstedtf, Inc. Rommelsdolf, Germany) over a one-day period in their third trimester of pregnancy (mean gestational age at collection 30.8 ± 2.0 weeks). Most participants completed this sample collection on a weekday (84.6%). Participants were instructed to gently chew on a cotton dental roll for two minutes at time of awakening, thirty minutes after awakening, in the afternoon (between 3–4 pm), and before bedtime. Participants were educated on the importance of following the protocol, and they were instructed to record the exact time and date that each sample was completed on the collection tube. The participants were also asked to mark if they ingested anything other than water, smoked, brushed their teeth, or exercised within the 30 min prior to collecting the sample. Non-adherence to this was flagged for possible contamination. These instructions were provided over the phone with the participant. In addition, each participant was also given a pamphlet with detailed yet easy to understand directions and pictures for each step. This pamphlet also included the contact information to a study staff member if any additional questions arose while completing the saliva collections.



Within the final study sample (n = 240), 91.7% of participants completed the first sample within 15 min of waking up and 93.75% completed the second sample within 15–45 min of the first, reflecting high compliance. The collection time with the least reported contamination was for the awakening sample (2.5%), while the highest was seen in the afternoon sample (34.6%), mostly due to eating or drinking prior to collection. The samples that were outside of the instructed times, possibly contaminated, or larger than four standard deviations (2.8%) were flagged for additional sensitivity analyses.



After participants collected each saliva sample, they were instructed to store them in their refrigerator until the day of their third trimester visit (mean time between collection and visit = 5.5 ± 8.8 days). Saliva samples were then stored in a laboratory freezer at −80ºCelsius until they were sent to a commercial laboratory to be assayed for cortisol. They were then frozen and stored at −20ºCelsius until analysis. After thawing, Salivettes were centrifuged at 3000 rpm for five minutes, which resulted in a clear supernatant of low viscosity. Salivary concentrations were measured using commercially available chemiluminescence immunoassay with high sensitivity (IBL International, Hamburg, Germany). The intra-assay and inter-assay coefficients for cortisol were below 9%.



Cortisol levels measured in nanomoles per liter (nmol/L) for each time point were then converted into total cortisol concentration during waking hours reflected by the AUCg and cortisol dynamic variables (CAR, DCS). The AUCg was calculated using the standard trapezoidal formula, which requires all four samples to be complete and considers the time between sample collection and the cortisol level at each collection [51]. Within those who had four complete salivary samples, the CAR was calculated, which represents the change in cortisol levels from the awakening sample and the 30 min post awakening sample, while also incorporating the time between each sample [24,52]. In addition, the DCS was also calculated, which includes the change in cortisol levels and time between the awakening sample and the bedtime sample [53]. Neither non-adherence to the morning collection protocol nor sample contamination significantly altered the AUCg, CAR, or DCS results. In addition, no significant differences were seen in the AUCg, CAR, or DCS across participants who completed the sample on a weekday compared to a weekend (data not shown).




2.3. Outcome


For the majority of participants (97.5%), infant birth weight was directly abstracted from the electronic medical records (EMR). A small percentage of participants (1.7%) did not have physician measurements of birth weight recorded on the EMR but had a proxy report (mother) of birth weight noted on the EMR. The remainder of participants (<1%) did not have any birth weight recorded on the EMR, and birth weight was obtained from the mother via an interviewer-administered questionnaire with a MADRES staff member 7–14 days post-birth.




2.4. Covariates


Potential covariates were identified a priori based on previous literature and included factors related to study design, maternal demographics, and pregnancy and birth outcome variables. Preliminary analyses were then conducted for their univariate associations with the cortisol metrics (AUCg, DCS, and CAR) and birth weight. Study design variables included recruitment study site and gestational age (in weeks) at time of saliva sample collection.



The maternal demographic covariates included: race, ethnicity (Hispanic vs. non-Hispanic), education level, annual household income, maternal age at baseline, personal smoking status during pregnancy, gestational diabetes status, preeclampsia status, and pre-pregnancy BMI (BMI; kg/ m2). These variables were self-reported via interviewer-administered questionnaires in English or Spanish. The only exceptions were gestational diabetes status and preeclampsia status, which were both abstracted from the EMR (Yes vs. Not-Recorded), and pre-pregnancy BMI. Pre-pregnancy BMI was calculated using self-reported pre-pregnancy weight and standing height at the first study visit (<30 weeks gestation) measured by a study staff member via stadiometer (Perspectives enterprises model PE-AIM-101), or height from the EMR if missing. We did not use measured weight at the first study visit due to the range in weeks of gestation upon study enrollment.



The pregnancy and birth-related covariates included: gestational age at birth (in weeks), delivery type (normal spontaneous vaginal, planned cesarean section, unplanned/emergency cesarean section, vaginal birth after cesarean, vacuum-assisted vaginal, and forceps-assisted vaginal), newborn sex, parity, and nausea experienced during the third trimester of pregnancy. Gestational age at birth was calculated and standardized using a hierarchy of methods [54]. A first trimester (<14 weeks gestation) ultrasound measurement of crown-rump length was considered ideal and was used if available (N = 142). If unavailable, a second trimester (<28 weeks gestation) ultrasound measurement of fetal biparietal diameter was used (N = 68). If measurements from an early ultrasound were unavailable, gestational age at birth was calculated based on a physician’s best clinical estimate from EMR (N = 30). Delivery type and infant sex were abstracted from EMR; if these variables were missing from the maternal medical records, mode of delivery and infant sex were obtained via interviewer-administered questionnaires in English or Spanish 7–14 days after birth. Parity was self-reported via interviewer-administered questionnaire at the first study visit. Mother’s nausea was self-reported via interviewer-administered questionnaire during the third trimester in English or Spanish using the Pregnancy-Unique Quantification of Emesis (PUQE) scoring system. This scoring system enumerates the severity of nausea and vomiting during the preceding 24 h on a scale from 3 to 15. This was then dichotomized to mild nausea and vomiting (scores ≤ 6, 95.8%) and moderate nausea and vomiting (scores 7–12, 4.2%), as we had no mothers with severe scores (scores ≥13) [55].




2.5. Statistical Analysis


AUCg was right-skewed; therefore, values were log-transformed to decrease the influence of extreme values and to meet the linearity and homoscedasticity assumptions needed for linear regression. Analyses for DCS and CAR were performed on the original scale as these models met the assumptions of linear regression. Delivery type was dichotomized to vaginal or cesarean birth, and parity was modeled as first-born, second-born, third-born, or fourth-or-more-born.



We assessed the univariate relationships between all potential covariates with cortisol metrics (AUCg, DCS, CAR) and infant birth weight. Pearson correlations were used with continuous covariates, which included GA at birth, GA at sample, maternal age, and pre-pregnancy BMI. Independent Student T-Tests were used with dichotomous covariates, which included infant sex, delivery type, personal smoking status, gestational diabetes status, preeclampsia status, PUQE nausea and vomiting, and ethnicity. Analysis of variance (ANOVA) was used with categorical covariates, which included race, parity, education level, and income level.



Within all multivariable models, infant sex, GA, maternal age, and ethnicity were deemed necessary due to their a priori importance in similar studies, as well as recruitment site as it is a crucial study design variable within MADRES. Confounding was then assessed by a beta estimate change larger than 10% for each individual stress metric by a one-by-one variable approach for all remaining covariates via linear regression. Confounding was observed by pre-pregnancy BMI and parity.



After assessing the influence of a priori and possible covariates with stress metrics (AUC, CAR, and DCS) and infant birth weight, the following variables were included in all multiple linear regression models: GA at birth, parity, continuous pre-pregnancy BMI, infant sex, maternal age at study entry, ethnicity, and study recruitment site. The selected covariates were then used in multiple linear regressions in three independent models, one for each cortisol metric variable (AUC, DCS, CAR). Sensitivity analyses were then conducted to determine whether results were similar after excluding preterm births (<37 weeks gestation). The significance level for analyses was set at an alpha of 0.05. All data were analyzed using SAS v9.4 (SAS Institute, Inc., Cary, NC, USA).





3. Results


3.1. Participant Characteristics


Maternal and infant characteristics are presented in Table 1. Overall, the mothers were on average 29 ± 6 years of age, 81% were Hispanic, the majority (56%) had a high school diploma or less, and they had a mean pre-pregnancy BMI of 29 ± 7 kg/m2. Their infants were born at a mean of 39 ± 1.5 weeks gestation and weighed on average 3302 ± 497 g at birth. The majority of infants were the first-born (35%) or second-born child (28%), and most were born vaginally (75%). Maternal smoking was not considered to influence birth weight in this sample, as the number of mothers who smoked at any point during the pregnancy was low (n = 5, 2.1%).




3.2. Biological Stress Measures


The four salivary cortisol samples had the following mean concentrations: awakening sample 12.2 nmol/L, awakening +30 min sample 14.8 nmol/L, afternoon sample 5.7 nmol/L, and bedtime sample 4.0 nmol/L. These mean concentrations from the four salivary cortisol samples followed the expected daily circadian pattern of the HPA-axis and are shown in Figure 2. Transformation of these values into cortisol concentration (AUCg) and dynamic variables (CAR, DCS) are shown in Table 2. The distribution of AUCg is shown in Figure 3.




3.3. Biological Stress Measures with Infant Birth Weight


The results of the three adjusted cortisol metric models with infant birth weight are shown in Table 3. No significant associations between cortisol concentration (AUCg) or cortisol dynamics (DCS, CAR) were seen with infant birth weight. Although not significant (p = 0.25), log-transformed AUCg had an inverse relationship with infant birth weight after adjustment for covariates (B = −5.6 g for each 10% increase in non-logged AUCg). DCS had a positive relationship with infant birth weight after adjustment for covariates (β = 78.3); however, the association was not statistically significant (p = 0.08). CAR had no relationship with infant birth weight after adjustment (β = −0.4, p = 0.98). We tested whether the relationship between prenatal cortisol measures and infant birth weight was sensitive to babies born prematurely (<37 weeks gestation); however, our results were similar after excluding pre-term births in the analysis (Table A1).





4. Discussion


Within the United States, Black and Hispanic populations experience higher rates of preterm birth and low birth weight compared to their non-Hispanic White counterparts [19]. Given the predictive value of birth weight on health outcomes throughout the life-course [1], it is important to understand how prenatal stressors influence birth weight in health disparity populations. Existing literature on this relationship is still unclear. In this study of predominately low-income Hispanic women, we found no statistically significant associations between the maternal biological stress response, measured by salivary cortisol concentration (AUCg) and diurnal cortisol dynamics (DCS and CAR) during the third trimester of pregnancy, with infant birth weight. Although not significant, an inverse relationship was seen between AUCg and birth weight while a less steep or more blunted diurnal slope was seen to increase birth weight. These results suggest a trend that should be explored further.



Cortisol levels are often measured using saliva samples taken throughout the day as a biological biomarker of HPA-axis activity, where the overall cortisol concentration during waking hours is reflected by the AUCg [22,51]. Cortisol exposure can also be assessed by the cortisol dynamics of the CAR [24,49,52], which considers the difference in cortisol levels from awakening to the peak 30 min after awakening, as well as the DCS, which reflects the change in cortisol levels from morning to evening [53]. With regard to the literature on HPA-axis activity and birth weight, the reported methodologies associated with each of these aggregate measures varies by study design, making valid comparisons of results between different studies challenging. Beyond differences in trimester of collection, which affects natural levels of cortisol, methodological differences include differing times of day and number of collections required by participants. This is especially sensitive when comparing the CAR across studies.



Results within the literature on salivary prenatal cortisol and infant birth weight are mixed. A recent review by Cherak et al. concluded there was a consistent negative association between prenatal maternal cortisol levels and infant birth weight. This review also observed a substantial heterogeneity in effects by correlation coefficients indicating the likelihood of publication bias. This publication bias was indicated by the uneven distributions of studies and the strongly negative correlations possibly influenced by small study biases. This was seen in overall pooled results, but especially in studies that assessed cortisol during the second and third trimesters [47].



Most of the studies published on the topic have been conducted predominately in White and highly educated populations [35,36,38,39,41,42,46]. Only five studies have been completed in diverse populations similar to the MADRES cohort both ethnically and socio-economically. Within these studies, most used the CAR [40,44,45] or the diurnal slope [37,40,45] to measure the stress response, while one (a cohort of pregnant Hispanic adolescents [43]) used the AUC. Overall, there were no consistent patterns of significant associations across these five studies. Two studies reported null results between maternal cortisol and birth weight [44,45]. D’Anna-Hernandez et al. observed a significant inverse correlation between diurnal slope and birth weight in late pregnancy (34 ± 1.4 weeks gestation) but not in early (17.3 ± 1.8 weeks gestation) or mid pregnancy (28.1 ± 1.5 weeks gestation) [37], and Guardino et al. observed a significant inverse correlation of diurnal slope with birth weight, but not with the CAR [40]. Within the study of pregnant Hispanic adolescents, Spicer et al. found a significant inverse relationship with the AUC and birth weight when outliers were removed, but results were insignificant when outliers were included or when missing values were imputed [43]. Some of the possible reasons for the observed heterogeneity may be due to variations in study methods by number of days, times of day, and trimesters of cortisol collection as well as which cortisol measures were used in analyses (AUC vs. CAR vs. DCS). Overall, our current study contributes additional evidence that there is a lack of significant associations between maternal biological stress response during pregnancy and infant birth weight in a predominately Hispanic and low-income pregnancy cohort.



Although no significant associations were seen in this analysis, it is important to note that the beta estimates for the AUCg and DCS with birth weight were not close to zero. An inverse relationship was seen between AUCg and birth weight. This is in line with what Spicer et al. observed (β = −0.02, p = 0.03, with outliers removed). However, that study averaged cortisol levels taken from one day over two trimesters in pregnancy and was in a Hispanic adolescent population, which may make results not fully comparable [43]. Conversely, we observed a positive relationship between prenatal DCS and birth weight, indicating a less steep slope in the diurnal pattern, which is commonly associated with maladaptation of the biological stress response with higher infant birth weight [56]. Bublitz et al. additionally found no statistically significant association with diurnal slope and birth weight (p > 0.06), although the direction was not reported [45]. In contrast, D’Anna-Hernandez et al. found a significant correlation in the opposite direction to which we observed (r = −0.29, p = 0.05), with lower infant birth weight being related to a blunted cortisol slope in late pregnancy (34±1.4 weeks gestation); however, this association was seen in weeks later than our study and was insignificant (r = −0.003, p = 0.97) in weeks closer to our collection (28.1 ± 1.5 weeks gestation) [37].



Many strengths are found within the current study. This study measured salivary cortisol over four time points throughout the day, which allowed us to examine various cortisol metrics (AUCg, DCS, and CAR) to evaluate the association of the biological stress response with infant birth weight in a predominately Hispanic population. Evaluating the biological stress response in a population that is underrepresented in research and facing unique stressors as well as health disparities is an additional strength. This study was also conducted with a larger sample size relative to the literature, especially when compared to those with predominately Hispanic populations (D’Anna-Hernandez et al. n = 55 and Spicer et al. n = 119) [37,43].



Limitations of the study include that participants completed cortisol collection at home and were responsible for marking the time of the sample, which could potentially introduce exposure misclassification. Assessing accurate cortisol patterns through salivary collection requires high compliance and motivation from study participants, which may be especially challenging in this population facing unique stressors. Raw data were vigorously checked for participant errors, lab errors, and data entry errors, and quality control steps were taken to reduce these errors as much as possible. It has additionally been suggested that at least two days of cortisol collection consisting of 3–6 samples per day are needed to appropriately capture the activity of the HPA-axis [57]. It has also been advised that three morning samples should be used to calculate the CAR, rather than two on any given day [49]. However, both these guidelines increase the burden on study participants [57] and were infeasible in our study population. The possibility of self-selection bias is also present. The pregnant mothers who completed the cortisol collection could have been less stressed, therefore having more time or motivation to complete the four samples than the ones who chose not to participate. Of all MADRES participants (N = 843), 62% of pregnant mothers came in for their third trimester visit (N = 519). Demographics of these 62% of participants are similar to the overall cohort. Of the 519 mothers that have completed the third trimester visit, cortisol collection participation for at least one sample was moderately high (72%). Lastly, although the cortisol samples were taken before birth in the third trimester, no other cortisol levels were available earlier in pregnancy. Therefore, the current study was unable to assess whether birth weight is more sensitive to cortisol fluctuations in other prenatal exposure periods. It is also possible that cortisol levels during the first or second trimester could have had more effect on the fetus’s birth weight. If so, this study would have missed the effects of the biological stress response due to only having cortisol levels collected in the third trimester.




5. Conclusions


Within this study of predominately low-income Hispanic women, there were no significant associations of the maternal biological stress response through cortisol concentration (AUCg) and cortisol dynamics (DCS and CAR) during the third trimester of pregnancy with infant birth weight. Although not significant, an inverse relationship was seen between AUCg and birth weight while a less steep DCS was seen to increase birth weight. Assessing accurate cortisol patterns through salivary collection requires high compliance and motivation from study participants, which may be especially challenging populations facing unique stressors. More research is needed in larger study samples with more rigorous approaches of cortisol collection including more sampling days, while also considering methods to increase compliance, to better understand how prenatal stress and the associated biological stress response influences birth weight.
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Table A1. Results of three independent models of biological stress measures (Area Under the Curve, Diurnal Cortisol Slope, Cortisol Awakening Response) and infant birth weight in full-term births (≥37 weeks).






Table A1. Results of three independent models of biological stress measures (Area Under the Curve, Diurnal Cortisol Slope, Cortisol Awakening Response) and infant birth weight in full-term births (≥37 weeks).





	Individual Biological Stress Metric
	β (SE)
	p





	Area Under the Curve, grounded (AUCg) *,1
	−7.8 (5.6)
	0.17



	Cortisol Awakening Response (CAR) *
	−1.7 (16.2)
	0.91



	Diurnal Cortisol Slope (DCS) *
	87.1 (27.9)
	0.07







* Adjusted for gestational age at birth, parity, pre-pregnancy BMI, infant sex, maternal age, ethnicity, and study site of recruitment. 1 Beta coefficient was back transformed and is interpreted as the mean difference in birth weight associated with a 10% increase in the non-logged AUCg.
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Figure 1. Consort diagram of included mother–infant dyads. 
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Figure 2. Mean cortisol values for 24 h collection. 
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Figure 3. Area under the curve, grounded distribution. 
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Table 1. Descriptive statistics of 240 mother–infant dyads.






Table 1. Descriptive statistics of 240 mother–infant dyads.









	Characteristic
	N (%) or Mean (SD)





	Maternal
	



	Age (years)
	29.1 (5.8)



	Race
	



	White
	206 (86.2%)



	Black/African-American
	24 (10.1%)



	Asian
	2 (0.8%)



	American Indian/Alaskan Native
	1 (0.4%)



	>1 race
	6 (2.5%)



	Ethnicity
	



	Hispanic
	195 (81.3%)



	Non-Hispanic
	45 (18.7%)



	Highest Education Level
	



	Less than 12th grade
	57 (23.8%)



	High School
	76 (31.7%)



	Some college or technical school
	59 (24.6%)



	Complete 4 years of college
	32 (13.3%)



	Some graduate training
	16 (6.6%)



	Household Annual Income
	



	Less than $15,000
	48 (20.0%)



	$15,000–$29,999
	65 (27.1%)



	$30,000–$49,999
	38 (15.8%)



	$50,000–$99,999
	13 (5.4%)



	$100,000 or more
	14 (5.8%)



	Selected “Don’t Know”
	62 (25.8%)



	Pre-Pregnancy BMI (kg/m2)
	29.1 (6.9)



	Infant
	



	Female
	131 (54.6%)



	Birth weight (g)
	3301.7 (497.3)



	Low birth weight (<2500 g)
	11 (4.6%)



	Gestational age at birth (weeks)
	39.0 (1.5)



	Preterm birth (<37 weeks gestation)
	23 (9.6%)



	Birth Order
	



	First Born
	85 (35.4%)



	Second Born
	68 (28.3%)



	Third Born
	41 (17.1%)



	Fourth Born or more
	37 (15.4%)



	Unknown
	9 (3.8%)



	Type of Delivery
	



	Vaginal
	179 (74.6%)



	Cesarean section
	61 (25.4%)
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Table 2. Descriptive statistics of biological stress metrics.
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	Stress Metric
	Mean (SD) *
	Median *
	Min-Max





	Awakening Sample (nmol/L)
	12.2 (7.7)
	11.0
	0.9–75.9



	Awakening + 30 min Sample (nmol/L)
	14.8 (9.6)
	13.3
	1.1–73.5



	Afternoon Sample (nmol/L)
	5.7 (4.8)
	4.4
	0.8–29.7



	Bedtime Sample (nmol/L)
	4.0 (4.4)
	2.6
	0.8–30.0



	Area Under the Curve, grounded (AUCg)
	116.7 (67.9)
	99.9
	13.3–424.9



	Cortisol Awakening Response (CAR)
	0.7 (1.8)
	0.4
	−5.7–9.8



	Diurnal Cortisol Slope (DCS)
	−0.6 (0.6)
	−0.6
	−4.7–1.1







* Mean (SD) and median provided due to variable skewness.
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Table 3. Results of three independent models of biological stress measures (area under the curve, diurnal cortisol slope, cortisol awakening response) and infant birth weight.
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	Individual Biological Stress Metric
	β (SE)
	p





	Area Under the Curve, grounded (AUCg) *,1
	−5.6 (5.1)
	0.25



	Cortisol Awakening Response (CAR) *
	−0.4 (15.3)
	0.98



	Diurnal Cortisol Slope (DCS) *
	78.3 (44.9)
	0.08







* Adjusted for gestational age at birth, parity, pre-pregnancy BMI, infant sex, maternal age, ethnicity, and study site of recruitment. 1 Beta coefficient was back transformed and is interpreted as the mean difference in birth weight associated with a 10% increase in the non-logged AUCg.
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