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ABSTRACT
Prior human and animal research suggests prenatal stress alters developmental systems that support stress and emotion regulation in offspring, which may underlie vulnerability to psychopathology risk. We examined prospective associations between prenatal stress from a natural disaster and infant biobehavioral outcomes across toddlerhood. Women pregnant during Hurricane Harvey in 2017 completed assessments of their objective levels of hardship and their subjective distress from the disaster. Offspring (n = 47) completed follow-up assessments at 24 months to collect autonomic nervous system activity (respiratory sinus arrythmia, RSA; heart rate, HR) during a stressor task. Parents assessed their children’s behavioral problems at 24 and 48 months of age. Increased prenatal subjective distress was associated with a blunted RSA response to stress and less RSA recovery, whereas increased objective hardship was associated with greater HR reactivity and recovery. Prenatal subjective distress was associated with increased child behavior problems at 24 months. Higher behavior problems at 24 months of age were also associated with RSA and HR reactivity and recovery. Findings suggest that prenatal stress is an important predictor of offspring biobehavioral risk. Further research is needed to explore longitudinal pathways. 
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[bookmark: _Toc140545196]INTRODUCTION
Exposure to prenatal stress has long lasting effects on mental health across the lifespan (Betts et al., 2015; Capron et al., 2015; Robinson et al., 2011; Tearne et al., 2015; Van den Bergh et al., 2020).. Emerging evidence and fetal programming models suggest prenatal maternal stress influences the development and functioning of biological systems during fetal development, a period of heightened plasticity, to support optimal adaptation to intrauterine environments (Glover, 2011; Monk et al., 2019; Sandman et al., 2012). These prenatal adaptations to stress physiology may shape postnatal responses to stress and increase later vulnerability to psychopathology. (Bale, 2015; Bale et al., 2010; Harris & Seckl, 2011; Seckl, 2004)..Most research in this area has focused on changes in the hypothalamic-pituitary-adrenal (HPA) axis (Grant et al., 2009; Kaplan et al., 2008; McLean et al., 2020; Yong Ping et al., 2015) and less is known about the autonomic nervous system (ANS) and its role in linking prenatal stress to child outcomes (Van den Bergh et al., 2020). Research shows that the ANS develops rapidly throughout gestation and early childhood (Del Giudice et al., 2011; Monk et al., 2004; Phillips, 2007; Phillips & Jones, 2006) and is sensitive to both pre- and postnatal environmental influences. The ANS, including the parasympathetic (PNS) and sympathetic (SNS) branches, plays a key role in emotional and behavioral self-regulation, and is linked with behavioral and physical outcomes across development. Thus, the ANS is an important target to study how maternal stress shapes the infant stress regulation system. This study addresses this gap by examining relations between prenatal maternal stress and postnatal biobehavioral outcomes in young children. 
The ANS supports the body’s capacity to respond to stress and adapt to one’s environment (Berntson & Cacioppo, 2004). Respiratory sinus arrhythmia (RSA) is a non-invasive indicator of PNS activity, measuring natural variability in heart rate (HR). The PNS has an inhibitory effect on cardiac functioning; engagement of the PNS acts as a “brake” slowing down HR (Porges et al., 1996). In response to stress, the PNS disengages, leading to a decrease in RSA (i.e., RSA withdrawal) accompanied by increase in HR. Higher resting RSA and greater RSA reactivity (i.e., greater RSA withdrawal) in response to stress are generally associated with more adaptive functioning, although this may be context specific (Degangi et al., 1991; Gentzler et al., 2009; Graziano & Derefinko, 2013). 
Growing research suggests prenatal stress impacts infant ANS activity, however most research has focused on resting RSA, rather than RSA reactivity to stress. Several studies found that across an infant stressor task, infants exposed to greater prenatal stress exhibited lower RSA and higher HR during the recovery period following the stressor (Enlow et al., 2009; Gray et al., 2017; Suurland et al., 2017) rather than during the stressor, suggesting difficulty regulating following stress. Recent research found associations between objective life stressors during pregnancy and greater infant RSA reactivity (Bush et al., 2017) only for infants exposed to higher levels of prenatal psychological distress, highlighting the importance of considering both objective and subjective measures of prenatal stress. Additionally, most research has studied infancy, while less is known about the influence of prenatal stress on ANS functioning in toddlers, a critical developmental period for ANS maturation and emotional regulation (Roubinov et al., 2020; Rudd et al., 2021).
Children’s ANS functioning has been linked to the development of psychopathology, including internalizing and externalizing symptoms, however the direction of the effects is context specific. Meta-analytic evidence of RSA reactivity and child psychopathology outcomes reported that greater RSA withdrawal in response to a stressor was associated with fewer externalizing and internalizing symptoms in community samples and higher symptoms in clinical or at-risk samples (Graziano & Derefinko, 2013). Excessive RSA withdrawal has also been associated with increased internalizing and externalizing psychopathology (Beauchaine, 2015). In terms of HR, low HR reactivity has been linked with externalizing symptoms, including ADHD, aggression, and conduct problems (Beauchaine et al., 2013; Boyce et al., 2001; Suurland et al., 2018). 
Despite many studies on the impact of prenatal stress, it is difficult to discern causal effects on children’s outcomes due to numerous confounding variables. The extant literature for prenatal stress and ANS reactivity is heterogenous in terms of conceptualization and measurement of prenatal stress, type of stressor, and participant demographics. Animal studies offer controlled environments to explore the independent effects of prenatal stress exposure, but ethical and logistical challenges limit experimental studies in humans. Women may experience a wide range of stressors, across multiple time points, or the stressors may be related to other maternal factors, leading to less controlled study designs. Natural disasters, however, provide unique opportunities to study an independent stressor during pregnancy, offering a “natural experiment” to examine its effects on pregnant women and their children (King et al., 2015). Because natural disasters are completely independent of the agency of expectant couples, and because distribution of hardship is often randomly distributed in the population, they offer the opportunity to separate the effects of the objective degree of exposure to hardship from the level of subjective distress experienced. This is critical to understanding the optimal interventions during a major stressor: providing psychological support or practical aid. 
[bookmark: _Toc68530964][bookmark: _Toc139880665][bookmark: _Toc140545201][bookmark: _Toc140546538]Current Study
Although the ANS plays an important role in stress regulation and psychopathology risk (Beauchaine, 2015), it is under-studied as a biological mechanism between prenatal stress and children’s postnatal biobehavioral functioning. The current study aims to improve limitations of past work by leveraging a prospective and longitudinal sample of women exposed to a natural disaster (Hurricane Harvey) during pregnancy. Severe flooding from Hurricane Harvey significantly impacted Houston, Texas and surrounding areas in late August 2017 and had devastating material and financial impacts including displacing approximately 30,000 residents, costing over $125 billion in damages and killing approximately 88 people (Blake & Zelinsky, 2018). This study examines how prenatal maternal stress affects children's biological and behavioral development. The central aim of this study was to determine relations between prenatal maternal stress (both objective and subjective) and postnatal biobehavioral outcomes in a sample of young children exposed in utero to Hurricane Harvey. 
First, we examined associations between prenatal maternal stress and child ANS activity (RSA and HR) across a maternal separation stressor task. Based on limited prior research, we hypothesized that greater prenatal stress would be associated with greater RSA reactivity (i.e., greater RSA withdrawal) and greater HR reactivity (i.e., HR increase) in response to a stressor and dampened recovery afterwards (Bush et al., 2017; Gray et al., 2017). Next, we tested relations between prenatal maternal stress and child behavior problems. We predicted that greater prenatal stress would be associated with higher levels of behavior problems in toddlerhood. Finally, we examined associations between children’s ANS activity across the stressor task and behavioral problems. While we expected that behavioral problems would be associated with ANS activity, we did not have specific hypotheses about the direction of the effects. 
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Procedures
The current study included a longitudinal investigation of mother and child dyads utilizing an existing sample and dataset of mothers exposed to Hurricane Harvey during pregnancy. The Hurricane Harvey Mom Study (www.mcgill.ca/spiral) recruited 1100 child-bearing women of whom 772 were exposed to the disaster while pregnant, and the remaining conceived in the 6 months following it. Their levels of objective hardship and subjective distress were assessed at recruitment. When children were 18-24 months old, they were invited for an in-person assessment (n=47) at University of Houston. These assessments took place from September 2019 until March 2020 when in-person and on campus assessments were terminated due to COVID-19 campus closures, limiting the number of subjects enrolled in this study. At the 24-month assessment mothers completed parent-report measures of child functioning and dyads completed a developmentally appropriate psychosocial stressor task (strange situation paradigm) during which psychophysiological data were recorded. When children turned 42-months old, parents reported on the same child behavior measures. All data collection procedures were administered by trained, supervised research assistants.
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Original Sample
	Women were eligible for the Harvey Mom Study if they 1) were 18 years of age or older at the time of recruitment; 2) lived in the greater Houston area during Hurricane Harvey (August 25, 2017); 3) were pregnant during Hurricane Harvey or became pregnant within 6 months after Hurricane Harvey; and 4) were English-speaking. Women who were pregnant with multiples were excluded. Recruitment began after receiving ethical approval from the University of Houston’s Institutional Review Board in February 2018 and women continued to be enrolled through August 2018.
	Recruitment strategies included the distribution of flyers throughout the community, with a special emphasis on health clinics, pregnancy clinics, Women, Infants, and Children (WIC) centers, postings in local mother groups and local news articles, and social media engagement through Facebook advertisements. Written, online informed consent was obtained from all eligible women for all study procedures. Mothers completed online measures at baseline when they enrolled in the original study and at 6 months postpartum. Data were collected and managed using REDCap (Research Electronic Data Capture) electronic data capture tools hosted and supported by the Women and Children’s Health Research Institute at the University of Alberta (Harris et al., 2019). Mothers received compensation (Amazon gift cards) for participating in all study assessments. After removing all suspected bots and fraudulent participants, 1,017 women met eligibility criteria and completed baseline surveys. 
Current Study Sample
[bookmark: _Toc68530598][bookmark: _Toc68530966]	Mothers and children (n = 47) were recruited for the in-person assessment at 24-months of offspring age from the original sample of participants described above who agreed to be contacted for follow up studies. Inclusion criteria for the in-person 24-month assessment only included mothers from the original sample who were exposed to Hurricane Harvey during pregnancy (excluding pre-conception exposed mothers). Mothers were recruited for the 24-month assessment to target a sample that was diverse in terms of race, socioeconomic status, severity of exposure to Hurricane Harvey, and trimester of exposure. Initially some mothers were recruited when their children were approximately 18 months, however study recruitment was then adjusted to target children that were 24 months of age. Mothers were provided information about the 24-month in-person assessment and invited to participate over the phone and email within one month of their child turning 24 months. At the visit, written informed consent was obtained from the mother for participation of themselves and their child. The 42-month follow-up assessment entailed an online survey sent via email for mothers to report on child psychopathology symptoms. Mothers were contacted by phone and text to encourage participation in the online survey. At the 24-month-old assessment, participants were compensated with a $25 gift card and small gift. Participants received a $10 electronic gift card upon completion of 42-month-old online surveys.	
Follow-up Sample Demographics
	Full demographic data are shown in Table 1. Of the 47 dyads that attended in-person assessments at 24 months, 45 mothers completed the behavior questionnaires for at least one of the timepoints (n =43 at 24-months and n = 38 at 42-month follow up). In terms of trimester of exposure, the sample included twenty children exposed to the hurricane in the 3rd trimester, twenty-three in the 2nd trimester, and four in the 1st trimester. Five (11%) of children in the study were born prematurely (<37 weeks). As described above, some mothers were recruited for the in-person assessment when their child was approximately 18 months of age. The final sample (n= 47) included seven children that completed the in-person assessment before 20 months of age. The mean age of the sample was 23.8 months old (SD = 2.6, range = 18 to 27.8 months). 
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Prenatal Maternal Stress
Objective Hardship. Prenatal objective hardship was assessed at baseline using the Harvey Objective Stress Scale (HOSS), a self-report measure of mother’s objective hardship from their exposure to Hurricane Harvey. This measure was adapted from a previously published scale, the Iowa Flood 100 scale (Brock et al., 2014; King et al., 2015). Items assessed 4 key dimensions of flood exposure: threat (e.g., “Were you injured?”), loss (e.g., “Did you experience loss of personal income?”), scope (e.g., “How many days were you without electricity?”), and change (e.g., “Did you spend any time in a temporary shelter?”). Points were attributed to each item according to group consensus about severity, such that the scores on each dimension ranged from 0 (no impact) to 50 (extreme impact) giving a total possible score of 200; higher scores indicated higher levels of flood related objective hardship. HOSS was square root transformed to address skewness.  
Subjective Distress. Prenatal subjective distress was assessed with the Composite Scale of Maternal Subjective distress (COSMOSS), which is a composite scale of three measures of mothers’ subjective distress and trauma-related symptoms at the time of Hurricane Harvey. These included 1) the Impact of Event Scale-Revised (IES-R; Weiss, 2007), 2) the Peritraumatic Distress Inventory (PDI; Brunet et al., 2001), and 3) the Peritraumatic Dissociative Experiences Questionnaire (PDEQ; Marmar et al., 2004). The 22 items of the IES-R examined participants’ post-traumatic symptoms, such as intrusive thoughts, hyperarousal, and avoidance/numbing, using a 0 (not true) to 4 (extremely true) Likert scale. Emotional distress and panic symptoms were assessed from the 13-item PDI, and dissociative-like experiences were measured using the PDEQ; both the PDI and PDEQ asked participants to recall their experiences of distress and dissociation at the time of the disaster. The PDI, PDEQ, and IES-R scales showed significant moderate to strong intercorrelations (rs = .43 - .72). Principal component analysis (PCA) was used as a data reduction method to combine scores from all three assessments: COSMOSS = 0.373 *IESR + 0.287 *PDI + 0.147 *PDEQ. The COSMOSS variable was standardized with a mean of 0 and standard deviation of 1, hence positive scores reflect results above the mean, indicating higher levels of subjective distress. 
Child Behavior Problems
Child Behavior Checklist 1.5-5 (CBCL). Mothers completed the Child Behavior Checklist 1.5-5 (CBCL), a broad assessment of child behavior problems, at the 24- and 42-month follow up assessments. The total problems scale was used as the primary measure of child behavior problems and is a composite scale that includes both internalizing and externalizing symptoms. The CBCL is a 99-item measure that uses a three point 0 (Not True) to 2 (Very or Often True) Likert scale and has demonstrated high internal consistency, convergent and discriminant validity (Rescorla, 2005). In our sample, the total problems scale demonstrated excellent internal consistency, Cronbach’s alpha = .96. Raw scores were converted to T scores with a mean of 50 and standard deviation of 10. T scores from 65-69 are considered in the borderline clinical range and T scores above 70 are considered in the clinically significant range. At the 24-month assessment, 5% of the children in the sample were in the borderline range (n=2) and 7% were in the clinical range (n=3) for the total problems scale. At the 42-month assessment, 16% of the children (n=6) were in the borderline clinical range and no children were above the clinical range cutoff for the total problems scale. 
Assessment of Child Stress Reactivity
To assess stress reactivity at 24 months of age, mothers and children participated in a well-validated stress paradigm, the Strange Situation Procedure (SSP) for young children (Ainsworth et al., 2015). Previous studies have assessed stress-related ANS activity during the SSP in young children (Köhler-Dauner et al., 2019; Roder et al., 2020). Similar to prior work, we collected child cardiac physiology data during the SSP to assess ANS stress reactivity. 
Strange Situation Procedure (SSP). The SSP allows for examination of variation in children’s physiological reactivity across different phases of the procedure (Köhler-Dauner et al., 2019; Oosterman et al., 2010; Roder et al., 2020). Conducted in a standardized testing room, the SSP is comprised of eight 3-minute episodes and includes two separations from, and reunions with, the child’s caregiver (Ainsworth et al., 2015): Episode 1: mother-child-researcher; 2: mother–child; 3: mother–child–stranger; 4: child–stranger (Separation 1); 5: mother–child (Reunion 1); 6: child alone (Separation 2); 7: child–stranger (Stranger returns); and 8: mother–child (Reunion 2). Mothers viewed their children from a one-way mirror during the separation episodes and separation episodes were shortened to 30-seconds if children became too distressed. The episodes while the mother left the child alone in the second separation (episodes 6 and 7) were considered “stressor” episodes for the task. The episode with the mother and child together directly preceding the stressor episodes (episode 5) was considered the baseline and the second reunion (episode 8) was considered the recovery episode. 
 Autonomic Nervous System Data Collection. Autonomic nervous system (ANS) activity was measured by respiratory sinus arrhythmia (RSA) and heart rate (HR). RSA is a measure of parasympathetic nervous system activity and heart rate is a combination of parasympathetic and sympathetic input. Child RSA and HR were derived from electrocardiogram (ECG) and cardiac impedance (IMP) data collected during the SSP. Electrodes were placed in a Lead II configuration. Data were acquired via Mindware (Gahanna, OH) ECG mobile units and wirelessly transmitted to a computer with Biolab software. A max sampling rate of 500 Hz for data transmission was used. ECG and IMP data were both collected, as IMP waves yield an estimate of respiration, which was used to ensure that respiration frequency was within range required for RSA calculation. 
ANS Data Processing. RSA and HR processing were conducted with Mindware HRV software (version 3.2). RSA was derived using spectral analysis of the inter-beat intervals (IBI) recorded through ECG, using fast Fourier transformation on the IBIs. High-frequency heart rate variability was extracted to quantify RSA within frequency bandwidths associated with respiration (.24-1.04 for children; Bar-Haim et al., 2000). Data were visually inspected for artifacts and misidentified R peaks, R peaks were added or deleted as needed in order to ensure correct placement; no more than 10% of R peaks per epoch were manually estimated. Epochs that required greater than 10% R peak edits or estimated data were excluded. Data were analyzed using 30-second epochs and epochs were averaged within each episode. Only the first three minutes of data were used for any episode that was longer than three minutes in duration. The peak stressor episodes (episodes 6 and 7) were averaged together. 
Of the 47 dyads that participated in the in-person assessment, 44 participated ANS data collection during the SSP (one child refused data collection, one child could not participate due to a cardiac condition and one child completed a different version of the task). RSA data segments were excluded due to insufficient duration (duration <30-seconds due to episode being shortened for child distress), procedural changes (one dyad skipped the second separation), or data with greater than 10% of estimated R peaks. Of the 44 children with ANS data during the SSP, two children did not have valid RSA data during either of the stressor episodes (6 and 7). 
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Preliminary analyses. 
Data were evaluated for outliers, normality, distributions, and missing data trends. Regression diagnostics were used to examine multivariate outlier and leverage points. Influential univariate or multivariate outliers were winsorized. Linearity, homoscedasticity, and homogeneity of variance were evaluated. Descriptive statistics for the sample were analyzed. Data analysis for this study was conducted using Jamovi 2.5 statistical software. Attrition analyses tested differences in participants that completed follow-up assessments and those who did not. Bivariate correlations were tested between key study variables and demographic factors. In bivariate correlations, reactivity scores were calculated as averaged RSA or HR during stressor episodes (episodes 6 and 7) minus mean RSA/HR during previous episode (episode 5). Recovery scores were calculated as mean RSA/HR during reunion episode (episode 8) minus averaged RSA/HR during stressor episodes (episodes 6 and 7). 
Primary Analyses
Prenatal Stress and ANS Reactivity. Linear mixed effect models were used to examine RSA and HR reactivity and recovery across the second separation and reunion of the strange situation. Mixed models are advantageous for examining repeated measure designs as they allow for dependencies in the covariance structure created by repeated measures within person and time (Littell et al., 2000) and account for missing data with maximum likelihood estimation (Schafer & Graham, 2002). Separate models were tested for RSA and HR data (n=44). To examine change in RSA/HR during stress and recovery, each model included average RSA or HR values during a baseline episode (pre-separation- episode 5), stressor episodes (separation- average of episodes 6-7), and recovery episode (reunion- episode 8). As we were interested in reactivity to a stressor and recovery, both stressor episodes of the second separation (episodes 6 and 7) were averaged together to be used as the stressor episode in analyses. Average RSA and HR values were modeled as within subject over time (baseline, stressor, recovery episodes) and prenatal stress (COSMOSS and HOSS) was modeled as between-subjects variables. Time was modeled with a linear and quadratic term, with interactions placed on the quadratic term. We modeled the main effects of prenatal stress and episode, then 2-way interactions examined differences in RSA/HR over time (episode2) by prenatal stress. Analyses included child age as a covariate. 
Prenatal stress and child behavior. Linear mixed effect models were used to examine associations between prenatal stress and child behavior problems. This approach allowed for the inclusion of child behavior data at both timepoints (24 months and 42 months) as the outcome variables to minimize missing data (n=45). We tested the main effects of prenatal stress (HOSS and COSMOSS) and time (24- and 42-month assessments) on child behavior problems. Time (24- and 42-month assessment) was included as a categorical variable and the 24-month assessment was set as the reference point. Separate models were run for HOSS and COSMOSS as predictors. Follow up simple effects analyses also estimated the specific regression coefficients for the association between prenatal stress variables and child behavior outcomes at each timepoint. Analyses included maternal education and child age as a covariate.
ANS and child behavior. We investigated if child behavior problems at the 24-month assessment were associated with RSA and HR reactivity and recovery during the second separation and reunion of the strange situation (n = 40). Similar to models described above, RSA and HR values were modeled as within subject over time (baseline, stressor, recovery episodes) and child behavior problems was modeled as between-subjects variables. Time was modeled with a linear and quadratic term, with interactions placed on the quadratic term. We modeled the main effects of child behavior problems, then 2- way interactions examined differences in RSA/HR reactivity over time (time2) by child behavior problems. Analyses included child age as a covariate.
Statistical Power 
A priori power analyses were originally estimated with G*Power and revealed that a sample size of 47 has sufficient power (.8) to detect effects of medium size (f2 = .17) or higher with five predictors in the model (1 interaction, 2 interacting predictors, and 2 covariates). Effect sizes were based on prior studies examining prenatal stress, RSA reactivity, and child psychopathology (Bush et al., 2017). 
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Attrition Analyses
Children with complete ANS data and children with one or more ANS data points missing (described above) did not differ on prenatal stress measures, total behavior problems, child age, child sex, maternal income, or timing of exposure (ps ranged from .09 to .98). Children that did not have full usable ANS data had lower maternal education, ANS t(45) = 2.02, p = .049.  There were no differences in sociodemographic factors for dyads that did not complete the 42-month assessment, p-values ranged from .34 to .95. When comparing participants in the in person follow-up study with the original overall sample, mothers in the follow-up study had higher prenatal subjective distress, t(1052) = -2.11, p = .035, were exposed to Hurricane Harvey later in pregnancy, t(63) = -4.56., p <.001, and reported higher levels of education, t(55) = -2.32., p = .024. Follow up participants did not differ on other sociodemographic factors or objective hardship (ps >.05). 
Preliminary Results
Bivariate correlations between main study variables and potential covariates are presented in Table 2. There was a high correlation between HOSS and COSMOSS, r = .69, p < .001, thus separate models were subsequently run for each prenatal stress measure to avoid multicollinearity. COSMOSS and HOSS were not associated with RSA or HR reactivity or recovery differences scores (ps =.115 - .598). COSMOSS was significantly associated with total behavior problems at 24 months of age, r = .40, p = .008. HOSS was not significantly correlated with child behavior problems at either timepoint (p=.095 at 24 months, p =.326 at 42 months). RSA recovery and HR recovery was positively correlated with total behavior problems at 24-months of age, r = .34, p = .035 and r = .36, p = .034 respectively.
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Prenatal stress and RSA/HR Reactivity 
A majority of variance in the RSA and HR models was due to within subject effects (ICC = .80 and ICC = .70). In the final models including prenatal stress interaction terms, there were significant quadratic effects of time, and linear terms were not significant (Table 3), indicating a U-shaped change in RSA and an inverted U-shaped change in HR across the baseline, stressor, and reunion episodes. 
RSA. First, the model predicting RSA across the episodes from COSMOSS (prenatal subjective stress) was examined (see Table 3) while controlling for child age. The main effect of COSMOSS, B = -0.09 (.15), p = .553 was not significant. The interaction between COSMOSS x episode2 was not significant, B = -0.12 (.07), p = .107. Post hoc analyses revealed that children exposed to low (-1SD) to average levels of prenatal subjective distress showed significant quadratic change in RSA, B = .46 (.12), p <.001 and B = .25 (.09), p = .004 respectively, indicating a decrease in RSA in response to the separation episode and return to baseline during the reunion (Figure 1). Children exposed to high prenatal distress (+1SD) did not show change in RSA across the episodes, B = .05 (.12), p = .686, suggesting a blunted RSA reactivity pattern to the stressor episode. 
In the model predicting RSA from HOSS, there was no main effect of HOSS, or interaction effect of HOSS x episode2 (Table 3), although there was a significant quadratic term reflecting the U-shaped trajectory. All children, regardless of level of exposure to prenatal objective hardship in utero showed similar U-shaped RSA reactivity and recovery to the stressor. 
HR. Next, models examined effects of episode and prenatal stress (COSMOSS and HOSS) on HR reactivity and recovery (see Table 3) while controlling for child age. In the model predicting HR from COSMOSS, there was no main effect of COSMOSS, or interaction effect of COSMOSS x episode2 (Table 3) although there was a significant quadratic term reflecting the inverted-U trajectory. 
In the model predicting HR from HOSS, there was no significant main effect of HOSS for average HR across the task. There was a significant interaction between HOSS x episode2 (Table 3), suggesting that HR response across the episodes varied by level of prenatal objective hardship. Post hoc analyses indicated that all children showed an increase in HR during the separation and returned to baseline during the reunion, however higher  (+1SD) prenatal objective hardship was associated with steeper change in HR across the stressor and reunion episodes, B = -12.91 (1.99), p <.001 compared to those exposed to lower (-1SD) objective hardship, B = -6.39 (1.99), p = .002 (see Figure 2). In both models, child age was significantly associated with HR, such that older children showed lower heart rate across the task.
Prenatal stress and Child Behavior Problems
Linear mixed models examined the effects of prenatal stress (COSMOSS and HOSS) for total behavior problems at the 24- and 42-month assessments while controlling for child age and maternal education. A majority of variance in the models was due to within subject effects (ICC = .69 and ICC = .71).
Subjective distress. The main effect of COSMOSS was significant, B = 3.69 (1.51), p = .019, indicating that there was a positive relation between subjective prenatal distress and mean level of behavior problems across time. Follow up simple effects determined associations between COSMOSS and behavioral problems at each time point. Greater subjective prenatal distress predicted significantly higher levels of behavior problems at 24 months of age, b = 4.09 (1.63), p = .015 and approached significance at 42 months of age, b= 3.28 (1.70), p = .058. When maternal education and child age were added as covariates, only the association between subjective distress and behavior problems at 24 months remained significant, b = 3.43(1.72), p = .050. Full model results are in Supplemental Table 1. 
Objective hardship. In the model with HOSS predicting total behavior problems, the main effect of HOSS was not significant, B = 1.03(0.65), p =.119, suggesting prenatal maternal objective hardship was not associated with child behavior problems at either timepoint. These results were maintained when controlling for maternal education and child age, B = 0.45 (0.69), p =.521. Full model results are in Supplemental Table 1. 
ANS Reactivity and Child Behavior Problems
 A majority of variance in the RSA and HR models were due to within subject effects (ICC = .78 and ICC = .70). In the main effects model including child behavior problems and episode2, there was a significant quadratic effect of episode2 for RSA, b = 0.24 (.09), p = .007 and HR, b = 8.70 (1.49), p <.001, and the linear terms were not significant (ps = .29-.68) indicating U-shaped change in RSA and HR across the baseline, stressor, and reunion episodes. 
RSA. As shown in Table 4, child behavior problems at 24 months of age were not associated with average RSA values across the episodes. There was a trend for an interaction between behavior problems x episode2. Post hoc analyses indicated that children with average to high (+1SD) levels of behavior problems showed significant quadratic change in RSA, b = 0.25 (.08), p = .003 and b = 0.41 (.12), p = .001 respectively, demonstrating a decrease in RSA during the separation episode and return to baseline during the reunion (see Figure 2), whereas children with lowest levels of behavior problems (-1SD) did not show change in RSA across the episodes, b = 0.08 (.11), p = .461. 
[bookmark: _Toc139880671][bookmark: _Toc140545210]HR. As shown in Table 4, child behavior problems at 24 months were associated with average HR values across the episodes. There was a significant interaction between behavior problems x episode2. Post hoc analyses indicated that children with average to high (+1SD) levels of behavior problems showed significant quadratic change in HR, b = -7.81 (1.32), p <.001 and b = -12.48 (1.88), p <.001 respectively, demonstrating an increase in HR and return to baseline across the separation and reunion episodes (See Figure 2) whereas children with lowest levels of behavior problems (-1SD)  did not show significant change in HR across the episodes, b = -3.13 (1.88) , p =.099.
DISCUSSION
Children exposed to a wide range of prenatal stressors are at increased risk of psychopathology across the lifespan. Despite growing evidence of biological adaptations in children exposed to prenatal stress and increased vulnerabilities for psychopathology, limited studies have tested these mechanisms empirically. The aim of the present study was to determine the longitudinal relations between prenatal stress (objective hardship and subjective distress) experienced by pregnant women during a major hurricane, their children’s ANS functioning across a stressor task (the Strange Situation paradigm) and behavioral problems. We tested associations between prenatal stress and offspring stress response at 24 months, and the associations between offspring stress response at 24 months and their total behavior problem scores at 24 and 42 months of age. Overall results provide novel evidence for associations between prenatal maternal stress and ANS reactivity, recovery, and behavioral risk, especially in the context of natural disasters. 
	Children exposed to higher prenatal subjective distress did not show expected RSA withdrawal during the maternal separation task, suggesting a potential blunting effect. Conversely, children exposed to higher levels of prenatal objective hardship showed increased HR in responding to and recovering from the stressor. These findings highlight dysregulation across both physiological measures and how these systems may function together. Our RSA results are consistent with prior research showing blunted parasympathetic reactivity for infants exposed to higher levels of prenatal anxiety and stress hormones (e.g. cortisol) (Cowell et al., 2021; Tibu et al., 2014). Research shows that prenatal stress of various types is associated with RSA functioning during recovery or post-stressor periods of the still-face paradigm in infants (Enlow et al., 2009; Gray et al., 2017). Several differences across these studies and the current study may contribute to variability in findings, including age of child (primarily 4-14 months), measurement and types of stress, stressor task used, demographics of study samples, and analysis of sex differences. Considering the importance of caregivers for regulating the infant’s distress, it makes sense that this period would be implicated in early physiological regulation following distress. However, current results extend findings into early childhood, an important developmental period in which children’s individual profiles of stress reactivity are emerging and children are learning to independently self-regulate (Roubinov et al., 2020; Rudd et al., 2021). 
Among children prenatally exposed to Hurricane Harvey, higher prenatal subjective distress was associated increased child total behavior problems at the 24-month assessment, although associations were dampened when controlling for maternal education. The lack of significant association between prenatal objective hardship and child behavior problems was surprising given a recent meta-analysis of prenatal disaster studies which found similar effect sizes for prenatal objective hardship and subjective distress with child behavioral outcomes (LaFortune et al., 2021). However, there are robust associations between mother’s subjective psychological distress and children’s risk for mental health problems across development (Betts et al., 2015; O’Donnell et al., 2014; Van den Bergh et al., 2020; Yong Ping et al., 2020), highlighting the importance of mother’s psychological functioning for children’s psychopathology risk. The nonsignificant association with behavior problems at 42 months may be due to the smaller sample size or attenuated longitudinal effects over time. 
Higher levels of behavior problems at the 24 months were associated increased RSA and HR reactivity and recovery to the stressor at 24 months. The average CBCL total problems score (M=45.8) in this sample was well below the clinical threshold and few children (7%) exhibited clinically significant behavior problems. Thus, we examined variability among mostly normative behavior and findings may not generalize to more problematic levels of behavior, therefore limiting the clinical implications of our results. However, these results suggest that children exposed to a natural disaster in utero that exhibit higher physiological reactivity to a stressor may be more vulnerable for later behavioral problems. Although we did not examine the interaction between maternal prenatal stress and physiological reactivity in conferring risk for later behavioral problems, it is possible that physiological vulnerability may be exacerbated by pre- or postnatal environmental factor as shown in prior research (e.g., Alkon et al., 2017; Conradt et al., 2016; McLaughlin et al., 2014; Quigley et al., 2023; Shakiba et al., 2023).
Overall, there are several key implications of study findings. Our results provide some support for the fetal programming hypothesis, which suggests that increased maternal distress and associated fluctuations in glucocorticoids may be passed from the mother to the fetus in utero, influencing offspring neurodevelopment and vulnerability for psychopathology (Kapoor et al., 2006; Weinstock, 2005). Some research suggests that ANS indicators (i.e., HR and RSA reactivity) are biomarkers of prenatal programming that increase psychopathology risk, whereas other theories posit that ANS systems develop over time in response to programming by both prenatal and postnatal environmental exposures (Gatzke-Kopp & Ram, 2018). The ANS develops rapidly in early childhood and is sensitive to proximal environmental factors, thus the influence of postnatal protective factors may have mitigated the effects of prenatal stress exposure for adverse biobehavioral outcomes (i.e., decreased maternal psychopathology, supportive caregiving environments). Additionally, the development of psychopathology may also contribute to future ANS dysfunction and further longitudinal research is needed to test directionality of these effects.
These results also highlight the importance of investigating both subjective and objective measures of prenatal stress and adds to existing literature that has examined both independent and interactive effects of these measures (Bush et al., 2017; King et al., 2012). It is not just exposure to a stressful event during pregnancy, but mothers’ subjective distress related to the event that is important for later child biobehavioral outcomes. This has meaningful clinical implications for improved screening and assessment of high-risk pregnant women and children which can also support better allocation of resources for prevention and intervention services. Clinical interventions that target mothers’ distress during pregnancy and increase their capacity to regulate their children’s distress may help mitigate the intergenerational impact of maternal stress. 

[bookmark: _Toc140545211][bookmark: _Toc140546545]Strengths and Limitations
	There are several limitations to note. The sample size of the study was limited due to COVID-19 shutdowns and missing or unusable ANS data. Data from highly distressed children may have been excluded due to shortened episodes. Larger sample sizes would reduce the likelihood of spurious findings and increase generalizability. The prenatal stress and child behavior measures were maternal report (although collected at different timepoints); thus, it is possible that mothers that self-reported higher levels of subjective distress were more likely to perceive and report higher levels of child behavioral problems.
The present study has many strengths. It included a quasi-experimental and longitudinal design, utilizing a natural disaster as an independent stressor during pregnancy; as such, the objective hardship, being flood-related consequences from a hurricane, was independent of any heritable parental behavioral or physiological traits. Although objective hardship and subjective distress levels were significantly correlated, they each explain less than 50% of the variance in the other, highlighting the importance of considering both aspects of maternal stress. Additionally, stress reactivity is a multisystem process, and this study assessed multiple measures of ANS reactivity.
[bookmark: _Toc140545213][bookmark: _Toc140546547] Conclusions and Future Directions
Physiological adaptations to stress in utero are believed to be an underlying mechanism linking prenatal stress and offspring stress reactivity and behavioral outcomes. However, few studies have examined these pathways to elucidate biological mechanisms from prenatal stress to child behavior. Future research should consider unique longitudinal effects of both pre- and postnatal caregiver influences on child physiological reactivity and behavioral outcomes in larger samples of diverse youth. 
This study examined associations between prenatal maternal subjective distress and objective hardship, ANS stress reactivity, and child behavioral outcomes in a cohort of diverse women exposed to Hurricane Harvey during pregnancy. Taken together, results highlight potential intergenerational mechanisms of prenatal stress exposure and risk for psychopathology in offspring. Recent interventions targeting maternal mental health have shown positive effects on infant ANS and behavioral regulation and reactivity (Norona-Zhou et al., 2022), thus the present results provide additional evidence for understanding opportunities for prevention and early intervention efforts. 
[bookmark: _Toc139880672][bookmark: _Toc140545214]
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	Variable
	M(SD)
	n / %

	Child Measures
	
	

	Child age (mos)
	23.8 (2.6)
	

	Sex 
	
	

	Male
	
	26 (55)

	Female
	
	21 (45)

	Ethnicity
	
	

	Hispanic
	
	13 (28)

	Non-Hispanic
	
	34 (72)

	Race
	
	

	Asian
	
	3 (6.4)

	Black
	
	5 (10.4)

	White
	
	30 (63.8)

	Other/Multiracial
	
	9 (19.2)

	Premature Birth
	
	5 (11)

	Maternal Measures
	
	

	Age (yrs)
	32.3 (5.1)
	

	Education
	
	

	High School
	
	2 (4.3)

	Some College
	
	8 (17.1)

	Bachelor’s Degree
	
	24 (51.1)

	Advanced Degree 
	
	13 (27.6)

	Income
	
	

	Less than 25k
	
	5 (10.6)

	25-50k
	
	12 (25.5)

	50-75
	
	9 (19.1)

	75-100
	
	10 (21.3)

	100k +
	
	11 (23.4)





 
Table 2. Correlations and Descriptives among study variables 

	[bookmark: _Toc140546451][bookmark: _Toc140546918][bookmark: _Toc140546968][bookmark: _Toc140547399]Variable
	1
	2
	3
	4
	5
	6
	7
	8

	1. COSMOSS
	
	
	
	
	
	
	
	

	2. HOSS
	0.69***
	
	
	
	
	
	
	

	3. RSA Reactivity
	0.25
	-0.05
	
	
	
	
	
	

	4. RSA Recovery
	-0.17
	0.08
	-0.73***
	
	
	
	
	

	5. HR Reactivity
	-0.09
	0.25
	-0.66***
	0.63***
	
	
	
	

	6. HR Recovery
	-0.10
	-0.26+
	-0.51***
	0.64***
	0.94***
	
	
	

	7. Total Problems24mo
	0.40**
	0.26+
	-0.13
	0.34*
	0.37*
	-0.42***
	
	

	8. Total Problems42mo
	0.27+
	0.16
	-0.01
	0.24
	0.18
	-0.27
	0.74***
	

	9. Child Sex
	0.06
	-0.09
	0.03
	-0.13
	0.07
	0.07
	-0.04
	-0.23

	10. Maternal Education
	-0.31*
	-0.39**
	-0.16
	0.12
	-0.14
	0.14
	-0.23
	-0.39*

	11. Child Age (mos)
	0.16
	0.02
	0.37*
	-0.39*
	-0.25+
	-0.20
	-0.17
	0.00

	
	
	
	
	
	
	
	
	

	M (SD)
	0.33 (1.01)
	35.83 (31.05)
	-0.30 (.0.79)
	0.28 (0.75)
	12.84 (16.58)
	-10.80 (15.20)
	45.77 (11.80)
	47.11 (12.28)

	n
	47
	47
	42
	42
	44
	44
	43
	38


[bookmark: _Toc140545638][bookmark: _Toc140545760][bookmark: _Toc140546092][bookmark: _Toc140546453]Note. ***<.001, **<.01, *<.05, +<.10. COSMOSS = Composite Scale of Maternal Subjective Stress. HOSS = Harvey Objective Stress Scale. Total Problems = CBCL Total Behavior Problems scale. Child sex (female = 1, male = 0). Reactivity scores are difference scores between average of the stress episodes (episodes 6-7) and preceding episode (episode 5). Recovery scores are difference scores between reunion episode (episode 8) and average of stress episodes (episodes 6-7). 


Table 3. 
Prenatal Stress predicting RSA and HR during stress paradigm (n = 44)
 
	
	Subjective Distress
	
	Objective Hardship

	
	B 
	SE
	p- value 
	
	B 
	SE
	p- value 

	Child RSA
	
	
	
	
	
	
	

	(Intercept)
	3.78
	0.15
	< .001
	(Intercept)
	3.78
	0.15
	< .001

	Child age
	0.12
	0.06
	.061
	Child age
	0.11
	0.06
	.066

	episode
	-0.02
	0.07
	.753
	episode
	-0.02
	0.08
	.764

	episode2
	0.23
	0.08
	.003
	episode2
	0.24
	0.08
	.003

	COSMOSS
	-0.09
	0.15
	.553
	HOSS
	-0.02
	0.06
	.768

	episode ✻ COSMOSS
	0.05
	0.07
	.463
	episode ✻ HOSS
	0.01
	0.03
	.758

	episode2 ✻ COSMOSS
	-0.12
	0.07
	.107
	episode2 ✻ HOSS
	0.02
	0.03
	.552

	
	
	
	
	
	
	
	

	Child HR
	
	
	
	
	
	
	

	(Intercept)
	131.19
	2.07
	< .001
	(Intercept)
	131.19
	2.06
	< .001

	Child age
	-2.20
	0.82
	.010
	Child age
	-2.12
	0.81
	.012

	episode
	1.44
	1.44
	.322
	episode
	1.44
	1.40
	.309

	episode2
	-9.65
	1.44
	< .001
	episode2
	-9.65
	1.40
	< .001

	COSMOSS
	1.59
	2.00
	.432
	HOSS
	0.82
	0.83
	.326

	episode ✻ COSMOSS
	0.03
	1.38
	.980
	episode ✻ HOSS
	0.08
	0.56
	.894

	episode2✻ COSMOSS
	1.18
	1.38
	.397
	episode2✻ HOSS
	-1.31
	0.56
	.023


Note. COSMOSS = Composite Scale of Maternal Subjective Stress. HOSS = Harvey Objective Stress Scale. Significant effects are bolded. Unstandardized coefficients are shown.



Figure 1. Prenatal Stress and RSA and HR response across a stress paradigm at 24 months

Episode
Reunion 1
Ep 5
Separation
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Reunion2
Ep 8
HOSS
Mean Heart Rate
Episode
Reunion 1
Ep 5
Reunion 2
Ep 8
COSMOSS
Mean RSA


Separation
Ep 6-7
Figure 1. The left plot shows change in RSA across Strange Situation episodes and the right plot shows change in HR with lines differentiating low (-1SD), average, and high (+1SD) levels of prenatal stress. COSMOSS = Composite Scale of Maternal Subjective Stress. HOSS = Harvey Objective Stress Scale. RSA = respiratory sinus arrythmia.  Children with high COSMOSS do not show significant RSA reactivity to maternal separation stressor episode or RSA recovery during the reunion episode. Children with high HOSS show increased HR reactivity to maternal separation stress episode.
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Table 4. Associations between child behavior problems at 24 months and ANS activity during a stress paradigm (n= 45)
	RSA
	B 
	SE
	P- value 
	HR
	B 
	SE
	P- value 

	(Intercept)
	1.59
	1.41
	.265
	(Intercept)
	131.68
	2.11
	< .001

	Child age
	0.09
	0.06
	.137
	Child age
	-1.23
	0.82
	.144

	episode
	-0.04
	0.08
	.646
	episode
	1.51
	1.32
	.257

	episode2
	0.25
	0.08
	.003
	episode2
	-8.76
	1.39
	<.001

	Behavior Problems
	-0.02
	0.01
	.126
	Behavior Problems
	0.499
	0.18
	.007

	episode ✻ Behavior Problems
	0.01
	0.01
	.194
	episode ✻ Behavior Problems
	-0.01
	0.11
	.960

	episode2✻ Behavior Problems
	0.01
	0.01
	.056
	episode2✻ Behavior Problems
	-0.41
	0.11
	< .001


Note. Significant effects are bolded. Behavior problems measured with CBCL Total Problems T scores at 24 mos. Unstandardized coefficients are shown.



Figure 2. Effects of child behavior problems at 24 months and RSA and HR response across a stress paradigm 
Reunion 1
Ep 5
Separation
Ep 6-7
Reunion 2
Ep 8
Total Behavior Problems
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Ep 5
Separation
Ep 6-7
Reunion 2
Ep 8


	Figure 2. The left plot shows change in RSA across Strange Situation stress episodes and the right plot shows change in HR with lines differentiating low (-1SD), average, and high (+1SD) levels of child behavior problems at 24 months. RSA = respiratory sinus arrythmia. Children with higher behavior problems showed change in RSA during the maternal separation stressor and reunion episodes. Children with higher behavior problems also showed increased HR reactivity and recovery to maternal separation stress episode.
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