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Abstract 

Despite a large animal literature documenting the role of low maternal nurturance and elevated 

glucocorticoid production on offspring limbic development, these pathways have not yet been 

assessed during human infancy. Informed by animal models, the present study examined whether 

1) maternal disrupted interaction is related to infant cortisol levels, 2) infant cortisol levels are 
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associated with infant limbic volumes, and 3) infant cortisol levels mediate associations between 

maternal disrupted interaction and infant limbic volumes. Participants included 57 mother-infant 

dyads. Infant saliva was measured at one time point before and two time points after the Still-

Face Paradigm (SFP) at age 4 months. Five aspects of maternal disrupted interaction were coded 

during the SFP reunion episode. Between 4 and 25 months (M age = 11.74 months, SD = 6.12), 

under natural sleep, infants completed an MRI. Amygdala and hippocampal volumes were 

calculated via automated segmentation. Results indicated that 1) maternal disrupted interaction, 

and specifically disoriented interaction, with the infant was associated with higher infant salivary 

cortisol (AUCg) levels during the SFP, 2) higher infant AUCg was related to enlarged bilateral 

amygdala and hippocampal volumes, and 3) infant AUCg mediated the relation between 

maternal disrupted interaction and infant amygdala and hippocampal volumes. Findings are 

consistent with controlled animal studies and provide evidence of a link between increased 

cortisol levels and enlarged limbic volumes in human infants. Results further suggest that 

established interventions to decrease maternal disrupted interaction could impact both infant 

cortisol levels and infant limbic volumes.  

 

Keywords:  
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Early life stress has been associated with elevated risk for depression, suicide attempts, 

anxiety disorders, and substance abuse (Teicher & Samson, 2013). Yet, the potential beginnings 

of these trajectories in infancy, a period of particularly rapid brain development (Gilmore et al., 

2012), remain largely unstudied. Animal research has shown that stress response networks in 

early infancy are highly sensitive to adversity. Specifically, low maternal nurturance (Turecki & 

Meaney, 2016) or maternal unpredictability (Drury et al., 2016) is associated with increased 
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stress responses and altered amygdala volume and activation in rodent offspring. The current 

study in human infants assessed how disrupted maternal behavior is related to infant cortisol 

levels in response to stress in early infancy and, in turn, how infant cortisol levels are related to 

amygdala and hippocampal volumes during the first two years of life.  

Animal Research on Neurobiological Effects of Stress in Infancy   

Controlled studies with rodents show that manipulating the type and timing of early 

stressors leads to persistent alterations in amygdala development and function (Drury et al., 

2016; Turecki & Meaney, 2016). The amygdala may be particularly vulnerable to the effects of 

early stressors due to high glucocorticoid receptor density (Peiffer et al., 1991) and to a postnatal 

developmental trajectory characterized by rapid initial growth and gradual pruning (Gilmore et 

al., 2012). Both environmental stressors and direct corticosteroid administration stimulate 

dendritic arborization and formation of new spines in the amygdala, increasing volume (Vyas et 

al., 2004; Vyas et al, 2006). 

The hippocampus is also highly sensitive to stress. Early life stress reduces the number of 

hippocampal neurons, inhibits neurogenesis, and leads to abnormalities in synaptic pruning (e.g., 

Chen et al., 2012; Maras & Baram, 2012). Chronic early environmental stress, corticotrophin-

releasing hormone (CRH) manipulation, and corticosteroid administration have been associated 

with reduced hippocampal volume and function, which are reversible when the stressor is 

removed (Chen et al., 2012; Maras & Baram, 2012).  

Low Maternal Nurturance as Stress in Controlled Animal Research 

The environmental stressors linked to increased activity of the hypothalamic-pituitary-

adrenal (HPA) axis in rodent studies have predominately involved low maternal nurturance or 

unpredictability, indexed by variations in responsiveness of maternal care (Drury et al., 2016; 
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Turecki & Meaney, 2016). Low maternal responsiveness is associated with a host of alterations 

in the development of rodent pups, including changes in HPA axis output, circuitry of the 

amygdala and hippocampus, and behavioral functioning that persist into adulthood (e.g., 

Champagne et al., 2008; Drury et al., 2016; Turecki & Meaney, 2016).  For example, 

Champagne and colleagues (2008) found that high corticosterone administration was associated 

with greater long-term potentiation in the hippocampus for pups exposed to lower maternal 

licking and grooming, potentially reflecting enhanced hippocampal plasticity under high-stress 

conditions. Similar findings of disrupted maternal care leading to offspring HPA-axis 

dysregulation have been demonstrated among non-human primates (e.g., McCormack et al., 

2022; Sanchez et al., 2015).  

Parent-Infant Interaction and Limbic Brain Volumes in Infancy 

In human developmental research, few studies have assessed aspects of parenting in 

infancy in relation to brain volumes in infancy (Ilyka et al., 2021). Sethna et al. (2017), in a 

sample of 38 infants, found that maternal low positivity (positive communication and 

engagement) was associated with decreased total brain volumes among 4-month-olds, whereas 

lower maternal sensitivity, defined as timely, consistent responsive behavior, was associated with 

smaller subcortical grey matter volume (putamen, thalamus, globus pallidus, caudate). In 

addition, in a sample of 17 infants, Rifkin-Graboi et al. (2015) reported that lower maternal 

sensitivity was related to larger hippocampal volume, but not amygdala volume, among 6-

month-olds. 

Parent-Infant Interaction and Limbic Brain Volumes in Childhood and Adulthood 

A larger set of studies has assessed parent-infant interaction in relation to limbic brain 

volumes in childhood or adulthood, using two observational measures: a) parental sensitivity 
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(responsiveness, positivity) and b) security of infant attachment behavior. Lower sensitivity and 

less secure attachment in infancy have predicted larger amygdala and hippocampal volumes at 

later ages (e.g., Bernier et al., 2019; Cortes Hidalgo et al., 2019; Khoury et al., 2019; Lee et al., 

2019; Lyons-Ruth et al., 2016; Rao et al., 2010). In contrast, lower maternal nurturance or 

sensitivity assessed nearer to school age has shown inconsistent effects on hippocampal volume 

in childhood (Kok et al., 2015; Luby et al., 2012).  

The increased limbic volumes generally seen in relation to lower maternal nurturance in 

infancy contrast with the decreased child and adult limbic volumes often related to childhood 

exposure to abuse (McLaughlin et al., 2019; Teicher et al., 2016). However, in a meta-analysis 

on maltreatment and hippocampal volumes, Reim et al. (2015) found evidence for reduced 

hippocampal volume among adults, but not among children. Thus, both developmental timing 

(infancy/childhood versus adulthood) and type of stressor (low maternal nurturance/maternal 

unpredictability versus threat of harm) may influence how adversity affects limbic development.   

Parent-Infant Interaction and HPA Activity in Infancy  

A large body of work indicates that maternal sensitive and responsive behavior in infancy 

is linked to more optimal patterns of infant cortisol regulation, particularly faster recovery to a 

mild stressor, whereas less sensitive caregiving is linked to more prolonged activation of the 

HPA axis (e.g., Atkinson et al., 2016, for review). Importantly, a wide range of insensitive 

caregiving is coded at the negative end of the spectrum, varying from harsh/intrusive behavior to 

pronounced lack of engagement.  

Of most relevance to the current study, a large literature has examined infant behavioral 

and cortisol responses to the Still-Face Paradigm, the most widely used mild stressor for infants 

in the first six months of life (SFP; Tronick et al., 1978). In this procedure, the mother disrupts 
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normal interaction with her infant by displaying a “still face”. Although the still-face period 

reliably elicits infant negative affect (Mesman et al., 2009), infant cortisol responses over the 

course of the SFP do not typically follow a pattern of elevated cortisol reactivity followed by 

recovery. Instead, infant cortisol responses to the SFP vary in relation to family risk variables, 

with lower-risk infants showing decreasing patterns of cortisol release from baseline to recovery, 

whereas higher-risk infants exhibit sustained higher cortisol levels across the procedure 

(Crockett et al., 2013; Erickson et al., 2019; Khoury et al., 2021; Martinez-Torteya et al., 2014).   

Cortisol Output in Infancy and Limbic Volumes 

Among human infants, the theoretically important relation between cortisol output and 

limbic volumes has not yet been explored. Two studies of school-aged children reported that 

higher cortisol levels in response to a frustration-based laboratory stressor were associated with 

smaller amygdala volumes (Fowler et al., 2021; Pagliaccio et al., 2014). However, limbic 

volumes were assessed among older children rather than infants, and cortisol was assessed in 

relation to non-maternal stressors rather than in relation to aspects of maternal care. 

The Present Study   

The current study examined whether aspects of maternal disrupted caregiving in early 

infancy were associated with infant cortisol output and altered limbic volumes. Aims of the study 

were to 1) evaluate the association between aspects of disrupted maternal interaction and infant 

cortisol levels during a laboratory stressor at 4 months of age; 2) examine the relation between 

infant cortisol levels and infant amygdala and hippocampal volumes during the first two years of 

life; and 3) assess the extent to which infant cortisol mediated any relation between maternal 

disrupted interaction and infant amygdala and hippocampal volumes. Given the rapid 

development of the amygdala and hippocampus over the first two years of life (Gilmore et al., 
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2012), moderation by age at MRI assessment was evaluated in all models related to limbic 

volumes. 

Methods  

Participants 

Mother-infant dyads (n=57) were drawn from a larger cohort of 181 families enrolled in 

the Mother-Infant Neurobiological Development (MIND) Study. Mothers were recruited into the 

MIND Study through prenatal classes, obstetric and pediatric clinics, community flyers, and 

local birth records. Participants were recruited such that approximately half (57.1%) of the 

mothers had experienced one or more forms of childhood maltreatment (physical, sexual, 

emotional abuse; witnessed domestic violence; physical, emotional neglect). Exclusion criteria 

were: a) English not a primary language spoken at home, b) maternal age over 44 years at time 

of infant birth, c) infant born before 36 weeks gestation and/or weighing less than 2500g at birth, 

and d) infant congenital developmental disorder or birth defect.  

The larger study included behavioral assessments in early infancy (4 months) and later 

infancy (15 months). Upon study entry, the first half of participating families were offered infant 

MRI scans after the later infancy behavioral assessment, and the second half of participants were 

offered scans after the early infancy behavioral assessment (all MRIs occurred prior to 25 

months). Thus, all MRIs occurred after behavioral assessments. Infants who completed the MRI 

did not differ from infants who did not on demographic characteristics (infant sex, gestational 

age, minority status, family income, maternal education, prange = .45-.77) or on maternal 

childhood maltreatment severity [t(178) = -1.337, p = .18]. See Supplement for more detail 

regarding reasons for unsuccessful scans. 

Ethical Considerations 
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 The study was approved by the Institutional Review Board [Partners Healthcare IRB 

Protocol #: 2014P002522]. All mothers gave informed consent for participation prior to the 

initiation of any study activities.   

Measures 

Still-Face Paradigm (SFP). Mothers and infants participated in the SFP (Tronick et al., 

1978) when the infants were aged 4 months (M age = 4.54, SD = 0.85, range = 3.16 - 7.36). The 

SFP was administered in a comfortable area of the home to minimize the effects of travel on 

cortisol values. During the SFP, the mother interacted with her infant for 3 minutes (Play 

Period), then displayed a neutral face and did not interact with her infant for 2 minutes (Still-

Face Period), then engaged in a final period of interaction for 5 minutes (Reunion Period). The 

SFP has been validated in meta-analyses as a mild to moderate behavioral stressor for the infant, 

resulting in reduced positive and increased negative affect (Mesman et al., 2009). A smaller 

literature on cortisol response suggests that elevated cortisol after the onset of the two-minute 

still-face stressor period occurs in approximately one-quarter of infants (Martinez-Torteya et al., 

2015), particularly those at greater psychosocial risk. For example, sustained elevated infant 

cortisol levels are related to more severe maternal childhood maltreatment (Khoury et al., 2021) 

and more maladaptive maternal interaction (Crockett et al., 2013; Erickson et al., 2019; 

Martinez-Torteya et al., 2014). 

Infant cortisol. Infant saliva samples were collected at three time points during the SFP: 

prior to initiation of the SFP (baseline), 20 min after the still-face period ended (+20 min), and 

40 min after the still-face period ended (+40 min). The SFP was conducted in the afternoon 

(M=14:00h; SD=1h 38min) to avoid effects of expected diurnal changes in cortisol levels that 

typically occur over the morning. Infants did not eat or drink anything 30 min before the first 
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saliva sample was taken to avoid saliva contamination. Sorbette swabs (Salimetrics, State 

College, PA) were used to collect the saliva samples, which were stored frozen prior to 

processing. To collect saliva, swabs were centrifuged at 4 C for 15 min and 3000 rpm. Saliva 

samples were sent to the Kirschbaum laboratory at the Technical University of Dresden for 

assay. Samples were stored at -20 degrees C until analysis. After thawing, salivettes were 

centrifuged at 3,000 rpm for 5 minutes. Salivary concentrations were measured using 

commercially available chemiluminescence immunoassay with high sensitivity (IBL 

International, Hamburg, Germany). Samples were assayed in duplicate and averaged values were 

used in analyses. Average inter- and intra-assay variability values were below 10%. Area under 

the curve with respect to ground (AUCg) and area under the curve with respect to increase 

(AUCi) were computed to represent total cortisol output and change in cortisol, respectively 

(Pruessner et al., 2003). AUCg represents total cortisol produced over the period from baseline 

through 40 minutes post-SFP (i.e., baseline cortisol levels influence AUCg values). AUCi 

represents change in cortisol from baseline to 40 minutes post-SFP (i.e., baseline levels do not 

influence AUCi values). 

Maternal disrupted interaction. Maternal behaviors were video-recorded during the 5-

minute Reunion Period of the SFP. Maternal behavior was coded from video recordings using 

the Atypical Maternal Behavior Instrument for Assessment and Classification (AMBIANCE; 

Lyons-Ruth et al., 1999). Coders first counted instances of relevant behaviors and then rated five 

dimensions of disrupted maternal interaction on 7-point scales, with higher scores indicating 

greater disrupted interaction: 1) Affective communication errors (incongruent affective signals to 

the infant or inappropriate or inadequate responses to the infant’s cues); 2) Role/boundary 

confusion (soliciting the infant’s attention or affection to the self in ways that override or ignore 
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the infant’s signals); 3) Disorientation (disoriented, frenetic, or deferential behavior toward the 

infant, often characterized by odd affect, false affect, affect unrelated to the interaction, or 

affective disconnection); 4) Negative-intrusive interaction (harsh or critical verbal 

communication and/or physical behavior, such as mocking, teasing, or poking the infant); and 5) 

Withdrawal (creating physical or emotional distance from the infant, such as leaning away from 

the infant, averting gaze, sitting silently). After rating these five subscales, coders assigned an 

overall 7-point rating for Level of Disrupted Interaction. Interrater reliability between two coders 

on 30 randomly selected videos was strong on all scales: Overall Level ICC = .79; Disorientation 

ICC = .93, Withdrawal ICC = .80, Negative-intrusive interaction ICC = .88, Affective 

communication errors ICC = .94, Role confusion ICC = .90. AMBIANCE ratings of overall 

disrupted interaction have been shown to be stable over periods from 6 months to 7 years 

(Madigan et al., 2006) and have been validated in relation to a number of negative child 

outcomes from infancy to adolescence (Lyons-Ruth et al., 2013; Madigan et al., 2006; Yarger et 

al., 2020).   

Sociodemographic interview. Sociodemographic factors were coded from parental 

interviews, including infant age, infant sex assigned at birth, infant minority race/ethnicity 

(details in Table 1), gestational age, annual family household income, maternal education, and 

mother living with partner.  

Imaging Data Acquisition and Processing. All infant MRIs were performed on a 3.0 T 

Siemens Skyra scanner with a 64-channel head coil at Boston Children’s Hospital. Infants were 

scanned during natural sleep, and no sedation was used. The T1- weighted acquisition used an 

advanced version of the Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) 

sequence, where fast, low-resolution volumetric navigators were played each repetition period 
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and were used for prospective motion correction (Tisdall et al., 2012). The specific imaging 

parameters of the MPRAGE acquisition included: voxel size = 1 x 1 x 1 mm3, repetition time 

(TR) = 2500–2540 ms, echo time (TE) = 1.65-2.37 ms, inversion time (TI) = 1450 – 1470 ms, 

field of view (FOV) = 192 x 192 mm2 and between 144-173 slices, enough to cover the entire 

brain of the infant. After performing visual quality control using Freeview software 

(surfer.nmr.mgh.harvard.edu), the T1-weighted volumes were manually aligned along the AC-PC 

plane and underwent N4 bias correction, field of view normalization (Ou et al., 2018), and multi-

atlas skull stripping (Doshi et al., 2013). These steps were followed by automatic segmentation 

into cortical and subcortical regions, as well as tissue types classification using a multi-atlas-to-

subject registration and fusion (Doshi et al., 2016) that has been extensively validated and 

adapted to infant brain MRIs (Ou et al., 2017). Quality control of the segmentations was visually 

performed using the FslView software. These segmentations enabled the extraction of right and 

left hemisphere amygdala and hippocampal volumes. Left and right hemispheric volumes were 

aggregated to derive total amygdala and hippocampal volumes for the current analyses.1 

Data Analytic Strategy 

Descriptive statistical analyses were conducted using IBM SPSS Statistics 28 to examine 

normality of variables and identify potential covariates. AUCg and AUCi, as indices of total 

cortisol output and change in cortisol over the course of the SFP, were used as summary 

measures to simplify analyses based on the modest subsample with MRI data. However, 

descriptive data are also provided on cortisol trajectories over the three data collection points in 

this sample (N = 57) (see Supplemental file). Due to skewness and kurtosis in the AUCg and 

AUCi variables, scores were log 10 transformed and winsorized to minimize the impact of 

                                                       
1 Note that left and right amygdala and hippocampal hemispheric analyses yielded similar findings, thus results of 

total amygdala and hippocampal volumes are presented. See Supplemental Material for hemispheric results. 
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outliers. Winsorized and transformed scores were used in analyses. For the MRI data, one infant 

had an outlier [ > 3 SD from the mean] for total amygdala volume, and the same infant and one 

additional infant had outliers for total hippocampal volume. These outliers were due to atypical 

brain anatomy and inhomogeneity resulting in inaccurate segmentations. Following current 

practice in brain imaging studies (e.g., Chua et al., 2015; Cruz et al., 2020; Rezvan et al., 2015), 

these outliers were removed and estimated using full information maximum likelihood (FIML) to 

account for missing data (see Missing Data below).  

Potential covariates were assessed by partial correlation and were included in regression 

and mediation models if they were associated with a relevant dependent or independent variable 

(AUCg, AUCi, limbic brain volumes, maternal behavior), after controlling for age at assessment. 

Covariates were also included in regression analyses when prior research/theory suggested their 

relevance, even if correlations did not reveal significant associations in this sample. Specifically, 

prior research indicates that saliva collection time can influence cortisol levels (e.g., Hanrahan et 

al., 2006) and that infant age, sex, and total GMV can impact limbic volumes (e.g., Gilmore et 

al., 2012). Therefore, regardless of bivariate associations, these variables were included in the 

regression models.   

Linear regression and mediation models were conducted in Mplus Version 8 using 

maximum likelihood estimation, with bootstrapped standard errors and confidence intervals and 

FIML to account for missing data, nonnormality, and small sample size (Collins et al., 2001).  

95% CIs that do not contain zero are significant at p < .05. To test the main study hypotheses, 

linear regression analyses with relevant covariates were first conducted with level of maternal 

disrupted interaction as the independent variable and infant AUCg/AUCi as the dependent 

variables. Follow-up exploratory analyses were then conducted on scores for the five dimensions 

Jo
ur

na
l P

re
-p

ro
of



13 

  

of disrupted interaction to further specify components of maternal behavior that might be 

contributing to the overall finding. Second, linear regression analyses, with relevant covariates, 

were conducted with infant AUCg/AUCi as the independent variables and infant amygdala or 

hippocampal volume as the dependent variables. Given rapid changes in infant brain volumes 

during the first two years (Gilmore et al., 2012), follow-up models were also run to assess 

whether relations between AUCg/AUCi and limbic volumes were moderated by age at MRI. 

Finally, mediation models assessed whether maternal disrupted interaction indirectly affected 

infant amygdala or hippocampal volumes via infant AUCg/AUCi.  

Missing Data. There were no missing data for sociodemographic variables. One value 

(1.8%) was missing for maternal interaction data due to malfunction in video equipment. 

Missing data for cortisol were as follows: n=4 (7%), n=8 (14%), and n=3 (5.3%) for infant 

baseline, +20, and +40 min, respectively. Missing cortisol values were due to insufficient saliva 

collected because of infant fussiness. As noted above, MRI data for two participants had outliers 

and were removed. Based on Little’s MCAR test, these amygdala and hippocampal volumes 

were missing at random [amygdala: X2 (12) = 6.49, p = .89; hippocampus: X2 (12) = 11.30, p = 

.50]. Thus, amygdala and hippocampal outliers were removed and all missing data were 

estimated using FIML. FIML estimation utilizes all available data to derive parameter estimates 

and reduces bias in missing data. Therefore, it is preferred to other methods of handling missing 

data (e.g., listwise deletion) (Enders & Bandalos, 2001).   

Power analyses. Power analyses were computed to assess the effect sizes that could be 

detected with N = 57 at .80 power. Based on the effect size benchmarks of small f2≥ 0.02, 

medium f2 ≥ 0.15, and large f2 ≥ 0.35 (Selya et al., 2012), regression models with four or five 

predictors were powered to detect the incremental effect of each variable of interest, significant 
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at p < .05 two-tailed, with effect sizes ranging from f2 = 0.1430 to 0.1431 (Faul et al., 2007). 

Thus, analyses were powered to detect medium, but not small, effect sizes. 

Results 

Descriptive Statistics and Assessment of Covariates  

Descriptive statistics are shown in Table 1. Preliminary correlation analyses to determine 

relevant covariates controlled for age at time of MRI (for correlations with limbic volume) or age 

at time of behavioral assessment (for correlations with infant cortisol or maternal behavior). 

None of the sociodemographic variables (infant sex, infant gestational age, annual family 

household income, maternal education, mother living with partner) were associated with limbic 

volumes, r’s = -.24 - .26, ps = .10 - .99. GMV was not significantly correlated with amygdala (r 

= .24, p = .07) or hippocampal (r = .18, p = .19) volumes, with age controlled. None of the 

sociodemographic or time of cortisol collection variables were associated with AUCg/AUCi or 

maternal disrupted behavior, r’s = -.22 - .26, ps = .09 - .99. Despite these nonsignificant 

correlations, based on prior research cited above under Data Analytic Strategy, regression 

models with limbic volumes as the dependent variables included infant age at MRI, sex, and 

GMV as covariates and models with total cortisol output as the dependent variable included time 

of saliva collection as a covariate. 

Maternal Disrupted Interaction and Infant Cortisol and Limbic Volumes 

Overall maternal disrupted behavior and infant cortisol. Regression analyses were 

conducted with overall disrupted interaction as the independent variable and infant AUCg/AUCi 

as dependent variables, controlling for baseline saliva collection time. Maternal overall disrupted 

interaction was associated with infant total cortisol output (AUCg; β = 0.334, CI = 0.075, 0.580; 

Table 2) but was not associated with AUCi (Table 2). Figure 1a displays the distribution of 
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infant AUCg in relation to overall maternal disrupted interaction, with cortisol collection time 

controlled. 

Specific dimensions of disrupted interaction and infant cortisol. Based on the 

obtained association between overall disrupted maternal interaction and infant cortisol output, 

follow-up exploratory analyses were conducted to assess whether particular aspects of maternal 

disrupted interaction were more strongly associated with infant cortisol response than others. 

Regression analyses controlling for baseline saliva collection time indicated that maternal 

disorientation was significantly associated with higher infant AUCg (β = 0.435, CI = 0.162, 

0.641; Table 2, Figure 1b), but none of the other dimensions of maternal disrupted interaction 

approached significance (withdrawal: β = 0.210, CI = -0.160,0.539; negative-intrusive behavior: 

β = 0.108, CI = -0.173,0.396; affective errors: β = 0.059, CI = -0.243,0.387; role confusion: β = 

0.201, CI = -0.143,0.504). In addition, in a final regression model controlling for maternal 

disorientation, overall level of maternal disrupted interaction was no longer significantly 

associated with AUCg (β = 0.101, CI = -0.273,0.534), indicating that disorientation was driving 

the overall association and that other aspects of disrupted interaction were not explaining 

independent variance.  

Consistent with the lack of relations between overall level of disruption and AUCi, none 

of the five sub-dimensions of disrupted interaction were associated with AUCi (disorientation: β 

= 0.144, CI = -0.182,0.448; withdrawal: β = -0.263, CI = -0.579,0.117); negative-intrusive 

behavior: β = -0.033, CI = -0.314,0.229; affective errors: β = 0.163, CI = -0.122, 0.472; role 

confusion: β = -0.013, CI = -0.373,0.357).  

Overall maternal disrupted behavior and limbic volumes. Regression analyses 

yielded no significant relation between overall level of maternal disrupted behavior and infant 
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amygdala or hippocampal volumes, after controlling for infant sex, age at MRI, and GMV 

(amygdala: β = -0.137, CI = -0.403,0.148; hippocampus: β = -0.067, CI = -0.349,0.197). Given 

that the subscale for disorientation was also associated with infant AUCg, follow-up regression 

models were also computed for amygdala and hippocampal volumes, with disorientation as the 

independent predictor and relevant covariates included. Neither model was significant.  

Infant Cortisol Levels and Infant Limbic Volumes  

Separate regression analyses were conducted with amygdala and hippocampal volumes as 

dependent variables and AUCg/AUCi as the independent variables, with infant age, sex, and 

GMV covaried. Larger AUCg was associated with larger amygdala (β = 0.455, CI = 

0.215,0.645) and hippocampal volumes (β = 0.484, CI = 0.206,0.693) (Table 2). Figure 2 

displays the distributions of amygdala and hippocampal volumes in relation to infant AUCg, 

with covariates controlled. AUCi was not associated with limbic volumes (Table 2).  

Additional regression models assessed whether age at MRI moderated the effect of 

cortisol levels on limbic volumes. Age at MRI did not moderate the effect of infant AUCg on 

either amygdala or hippocampal volume (age by AUCg interaction: amygdala β = 0.400, CI = -

4.865, 4.657; hippocampus β = -1.183, CI = -6.301, 4.010) or infant AUCi on amygdala or 

hippocampal volume (age by AUCi interaction: amygdala β = -0.065, CI = -0.705,0.631; 

hippocampus β = 0.063, CI = -0.479,0.661). All significant relations described above between 

infant AUCg and limbic volumes were also significant for left and right hemispheres analyzed 

separately (see Supplement for hemispheric analyses). 

Assessing Infant Cortisol Levels as Mediating Mechanisms  

Final analyses examined whether there was an indirect effect of overall maternal 

disrupted interaction on infant amygdala and hippocampal volumes, mediated through infant 
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AUCg. These mediation models were examined because there were significant links between 

maternal disrupted behavior and infant AUCg and between infant AUCg and limbic volumes. 

Following Preacher and Hayes (2008), significant indirect effects can be present in the absence 

of significant direct effects. While there was no direct effect of overall maternal disrupted 

behavior on either amygdala volume or hippocampal volume, as also shown above, there was a 

marginally significant indirect path from maternal disrupted behavior to infant amygdala volume 

and a significant indirect path to infant hippocampal volume, through infant AUCg (Figure 3a, 

b). The indirect effects were positive, indicating that greater maternal disrupted behavior was 

indirectly associated with larger amygdala volume and larger hippocampal volume through 

higher infant AUCg.  

Given that maternal disorientation accounted for the relation between overall maternal 

disruption and infant cortisol levels, similar analyses examined whether there was an indirect 

effect of maternal disorientation on infant amygdala and hippocampal volumes, mediated 

through infant AUCg. There were also significant indirect paths from maternal disorientation to 

both infant limbic volumes through infant AUCg (Figure 4 a, b). None of the mediation models 

with infant AUCi levels were significant (see Supplement for AUCi mediation results).  

Discussion   

Among rodents, controlled studies have demonstrated that higher early HPA axis 

activation is related to altered amygdala and hippocampal structure and function (Maras & 

Baram, 2012; Vyas et al., 2004; Vyas et al., 2006). In addition, low maternal nurturance/maternal 

unpredictability is a potent stressor associated with altered neurobiological development in 

rodent pups (Champagne et al., 2008; Drury et al. 2016; Turecki & Meaney 2016). To our 

knowledge, no work to date has assessed whether similar relations are seen among humans 
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during the first two years of life when limbic structures are most rapidly developing (Gilmore et 

al., 2012).   

The first finding of the current study was that overall maternal disrupted behavior was 

related to higher infant cortisol output over the course of a mild stressor, the SFP, at four months. 

This finding is consistent with previous work linking maternal disrupted interaction or less 

sensitive interaction with elevated infant cortisol levels over the SFP (Crockett et al., 2013; 

Erickson et al., 2019; Martinez-Torteya et al., 2014), as well as with a larger literature that 

consistently finds a relation between more sensitive maternal interaction and more adaptive 

regulation of infant cortisol over infancy and early childhood (see Atkinson et al., 2016, for 

review). The specific effect of maternal disoriented interaction, in comparison to other forms of 

disrupted interaction, is discussed below.   

The second major finding was that infant cortisol output was associated with enlarged 

infant amygdala and hippocampal volumes. These associations were not moderated by age at 

MRI assessment. Thus, the results portray a general effect of higher cortisol production (but not 

cortisol reactivity) on larger limbic volumes during the first two years of life. This link among 

human infants is novel but is consistent with animal studies of the amygdala, which show 

increases in amygdala volume in relation to early stress or corticosterone administration (Vyas et 

al., 2004; Vyas et al., 2006).  

Our finding that cortisol output was associated with increased hippocampal volume 

differs from some findings in both animal and human literatures. In animal studies, HPA activity 

(including CRH, corticosterone elevations) has more often been related to reduced hippocampal 

volume (e.g., Chen & Baram 2016; Lee et al., 2009). However, some animal research has failed 

to find a negative association between HPA activity and hippocampal volume (Leverenz et al., 
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1999; Tuvnes et al., 2003). In addition, a meta-analysis of research on humans who experienced 

childhood abuse revealed mixed findings, with reduced hippocampal volume seen among adults 

exposed to childhood abuse, but no differences in hippocampal volume seen among children 

exposed to abuse (Reim et al., 2015). Notably, however, our findings are consistent with human 

studies of younger children, which have shown associations between higher cortisol levels and 

increased hippocampal volumes (Wiedenmayer et al., 2006) and between exposure to insensitive 

parenting in infancy and increased hippocampal volumes across ages (Bernier et al., 2019; Lee et 

al., 2019; Khoury et al., 2019; Rao et al., 2010; Rifkin-Graboi et al., 2015; but see Kok et al., 

2015; Luby et al. 2012). In addition, greater maternal postnatal anxiety (known to be correlated 

with elevated maternal and infant cortisol) is associated with greater infant right hemisphere 

hippocampal growth (Qiu et al., 2013).  

One possible mechanism that may be involved in linking insensitive maternal behavior to 

enlarged infant hippocampal volumes among human infants is heightened infant attention to 

predicting maternal behavior. A large body of attachment research (Ainsworth et al., 1978; 

Cassidy & Shaver, 2016) has documented that infants adapt their attachment behavior to a range 

of caregiving contingencies by the end of the first year of life, based on their developed 

expectancies regarding caregivers’ likely responses to bids for proximity, contact, and comfort.   

Such expectations, termed ‘working models of attachment’, are likely to require involvement of 

the hippocampus in retaining and retrieving expectations regarding caregiver behavior.  

Caregivers who are less consistently responsive tend to have infants who increase (hyperactivate) 

their distress signaling and contact-seeking (e.g., Ainsworth et al., 1978). We have previously 

suggested that both the amygdala and the hippocampus may become enlarged in the context of 

the sustained hypervigilance to caregiver availability elicited by more pronounced disrupted 
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caregiver behavior (Khoury et al., 2019; Lyons-Ruth et al., 2016). Supporting this possibility, 

prior research in preschoolers has shown that lower maternal sensitivity was associated with 

memory bias towards negative stimuli, and that such memory bias was linked to larger 

hippocampal volume (Rifkin-Graboi et al., 2023).  More research on aspects of caregiving and 

limbic volumes will be needed to evaluate this possibility. Below we further discuss possible 

models for integrating animal and human work on early stress responding.   

 Because overall cortisol output (AUCg) can be associated with a variety of cortisol 

trajectories, we descriptively examined cortisol levels over time (Supplementary Figure 1) to 

show that larger limbic volumes were associated with higher cortisol levels 20-minutes and 40-

minutes post-stressor, whereas lower limbic volumes were associated with decreased output 

post-stressor. Similarly, higher levels of disoriented maternal behavior were associated with 

higher cortisol values post-stressor (Supplementary Figure 2). This pattern of continued cortisol 

secretion over the SFP, in relation to both maternal disoriented interaction and enlarged infant 

limbic volumes, is consistent with the pattern of continued cortisol elevation shown in relation to 

maternal risk factors in other studies, including maternal childhood maltreatment (Khoury et al., 

2021) and less sensitive maternal care (Crockett et al., 2013; Erickson et al., 2019; Martinez-

Torteya et al., 2014). These studies provide converging evidence that the higher infant AUCg 

values observed here represent a risk-related stress response pattern to the SFP.   

Finally, the results of mediation models suggest that a) disoriented maternal interaction 

was related to infant stress hormone release which, b) in turn, was associated with larger infant 

limbic volumes, and c) disoriented maternal interaction was indirectly associated with larger 

infant limbic volumes through elevated infant cortisol levels. This pattern of findings provides 

evidence for one potential biological mechanism linking maternal behavior to alterations in 
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infant neurodevelopment. In the current study, both maternal interaction and infant cortisol levels 

were assessed prior to the assessment of infant limbic volumes. Therefore, mediation was 

assessed with limbic volumes as the outcomes. However, given the correlational design and the 

assessment of each variable at only one point in time, other models of mediation remain 

plausible, including effects of limbic volumes on cortisol levels and effects of infant stress levels 

on maternal behavior. In addition, limbic volumes could moderate the impact of maternal 

behavior on infant cortisol responses, as has been shown in relation to other child outcomes (e.g., 

Nolvi et al., 2020a, 2020b; Rifkin-Graboi et al., 2019). These potential alternative models should 

be explored in future research. Most importantly, the pattern of effects found here calls for future 

randomized intervention studies to assess potential causal pathways linking disrupted maternal 

behavior to infant limbic volumes through cortisol output.  

It is important to consider how the current results in human infancy might be integrated 

both with animal research showing increased limbic volumes in response to stress and with work 

on adults showing decreased limbic volumes associated with childhood abuse (Mclaughlin et al., 

2019; Teicher et al., 2016). There are at least two potential models that might integrate these 

diverging findings. First, consistent with the allostatic load model, the effect of HPA activation 

on limbic volumes may change over time, with early HPA activation in response to maternal 

disrupted caregiving resulting in larger limbic volumes, but chronic disrupted caregiver behavior 

leading to blunted HPA responding and subsequent limbic atrophy. In this model of allostatic 

load, prolonged exposure to threat and concomitant continued cortisol release place allostatic 

load on the body that can lead to downregulation (blunting) of the HPA-axis (McEwen, 1998). 

Over time, this downregulation is thought to lead to reductions in limbic volumes.  
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However, it is also important to consider the possibility that there may be developmental 

changes in the types of stressors that are most salient to HPA activity at different points in 

development. Sullivan and colleagues (e.g., Moriceau & Sullivan, 2006; Opendak & Sullivan, 

2016) have shown that there is a hyporesponsive period to aversive (pain-related) maternal 

stimuli among rodent pups. Using an abusive mother paradigm (pairing maternal odor with 

electric shock), Opendak and Sullivan (2016) found that shock-associated maternal odor does not 

activate the HPA axis prior to weaning. This hyporesponsive period is thought to protect pups’ 

early bonding to the mother, regardless of abusive behavior, and begins to diminish around the 

time of weaning. However, rodent studies have also demonstrated that, prior to weaning, low 

maternal nurturance is a reliable stressor for the rodent pup. Thus, maternal unresponsiveness 

may be more developmentally salient very early in life, while aversive maternal behavior may 

become more salient after the offspring is less dependent on maternal care.  

 If cues signaling lack of care are privileged by the threat detection system in early 

infancy, this would call for an expanded ‘developmental salience’ model of threat, in which both 

threat of lack of care and threat of attack are separately modeled and thought to be 

developmentally sequenced. One strength of this model is that these two forms of threat require 

different defensive/adaptive responses (Lyons-Ruth et al., 2016). The often-cited fight, flight, or 

freeze behaviors that are adaptive responses to threat of attack would be highly maladaptive as 

responses to threat of lack of care (abandonment) by the caregiver. Across species, infants 

respond to lack of care by calling and contact-seeking to restore proximity to the caregiver (e.g., 

Ainsworth et al., 1978; Sanchez et al., 2015; Turecki & Meaney, 2016). Thus, across species, 

infants mount a stress response to low maternal care but respond to that threat with different 

adaptive behaviors than those elicited by threat of attack.   
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Notably, the specific association of infant cortisol levels with disorientation, but not other 

components of disrupted maternal behavior, may also be consistent with such a framework. 

Maternal negative, hostile, or intrusive behavior has been the most widely studied aspect of 

problematic parenting, with negative effects spanning across development (e.g., Lyons-Ruth et 

al., 1999; Pinquart et al., 2017; Smith et al., 2004). In the larger MIND sample, negative-

intrusive maternal behavior was specifically associated with infant negative affect at four months 

of age (Khoury et al., 2022). Thus, we might expect that maternal negative-intrusive behavior 

would be similarly associated with infant cortisol levels, but that was not the case. Notably, 

maternal role-confused behaviors and affective communication errors also index more actively 

aversive behaviors, and those were also unrelated to infant cortisol levels.  

 In contrast, maternal disorientation is defined by indices of emotional 

disconnection/affective distortion (odd affect, false affect, frenetic interaction) (Lyons-Ruth et 

al., 1999), and maternal withdrawal is defined by indices of physical/behavioral disengagement 

from the infant (leaning away; interacting silently). In the early months of life, the exchange of 

mutually contingent affective signals is essential to caregiver-infant face-to-face communication 

(e.g., Jaffee et al., 2001). Thus, it is notable that the dimension of maternal behavior most 

strongly associated with infant cortisol output was the dimension indexing disconnected (odd or 

false) affect/behavior that blocks effective affective communication between mother and infant.  

Disoriented caregivers appear uncomfortable, awkward, and quick to disengage in their 

attempts to relate to their infants (Lyons-Ruth et al., 2009). Although the substantial differences 

between human and rodent caregiving make comparisons difficult, disoriented maternal behavior 

may be consistent with rodent models of low maternal nurturance/maternal unpredictability, 

where the rodent mother is either disinclined or anxious and distracted from nurturing her infant 
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pups (Drury et al., 2016; Turecki & Meaney, 2016). Maternal disorientation is associated with 

maternal psychopathology, maternal history of childhood maltreatment, and aberrant infant 

attachment behavior (Khoury et al., 2022; Lyons-Ruth et al., 1999; Lyons-Ruth et al., 2009; 

Lyons-Ruth et al., 2019). The current results extend these findings to suggest that increased 

infant cortisol levels and enlarged limbic volumes may also be correlates of early disoriented 

maternal care. 

Strengths and limitations 

This study has several strengths, including assessments of infant cortisol responses to a 

relational stress paradigm, observational coding of maternal behavior, and brain imaging during 

the first two years of life. However, findings should be interpreted in the context of study 

limitations. This study included a relatively small sample of infants assessed between 4 and 25 

months of age. Concerns are justified regarding the replicability of small sample results in 

imaging studies. Given that infants are difficult to image without sedation beyond the neonatal 

period, meta-analyses of a series of smaller studies may be needed to arrive at reliable effect 

sizes in infancy. Larger studies often require methodological trade-offs, in particular the use of 

parental self-reports or simplified assessments of caregiving. Intensive multimethod studies of 

smaller samples can provide valuable ‘proof of concept’ studies to identify critical variables for 

inclusion in more costly large-scale studies.    NEED highlight for Reviewer 3 comment 3?  

In addition, because all data were correlational, direction of causality cannot be inferred. 

Mediation models, in particular, need replication to be confident of their replicability. Also 

importantly, MRI data collection was cross-sectional, so no conclusions can be drawn regarding 

changes in brain volumes over time. Finally, prenatal and gestational influences on maternal 

behavior and infant neurobiology were not assessed here, although they likely contribute to these 
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early developmental pathways (Moog et al., 2022). Understanding how the postnatal pathways 

identified here relate to prenatal risk factors will be an important priority for future work.  

Conclusion 

This research addresses a critical gap in our knowledge of neurobiological development 

in infancy by demonstrating relations between maternal disrupted behavior, infant cortisol 

release, and infant limbic volumes. Our results largely confirm the relevance of the large body of 

animal studies to early human development, with disrupted caregiving associated with elevated 

infant cortisol output in response to stress, and elevated infant cortisol output associated with 

increased limbic volumes during the first two years of life. Mediation models further suggest that 

differences in maternal behavior may indirectly affect infant limbic volumes through infant 

cortisol levels. While needing replication, these results also offer the possibility that early 

evidence-based interventions shown to reduce disrupted caregiving (e.g., Yarger et al., 2020) 

may have the potential to alter these worrisome neurobiological outcomes in infancy.   
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Table 1 

 

Sociodemographic characteristics and descriptive statistics   

 
 M (SD) or % (N) Range 

Gestational age (weeks)  M = 39.48 (SD = 1.60) 

 

36 - 42 

Infant age (months) at SFP M = 4.54 (SD = 0.85) 3.16 - 7.36 

Infant age (months) at MRI 
 

M = 11.74 (SD = 6.12) 

 

4.00 - 25.00 

Infant sex 

Female 

Male 

 

 

51% (n = 29) 

49% (n = 28) 

 

Infant race/ethnicity 

White/Non-Hispanic 

Black 

Asian 

Hispanic 

Multi-racial 

 

57.9% (n=33) 

8.8% (n=5) 

1.8% (n=1) 

5.3% (n=3) 

26.3% (n=15) 

 

 

Infant minority race/ethnicity 

Minority race/ethnicity 

White/non-Hispanic 

 

42.1% (24) 

57.9% (33) 

 

 

Maternal relationship status 

Living with partner  

Not living with partner  

 

 

49 (86%) 

8 (14%) 

 

Maternal education   

High school  

Associate degree 

Bachelor’s degree 

Master’s degree 

Doctoral degree 

 

14.0% (n=8) 

8.8% (n=5) 

24.6% (n=14) 

35.1% (n=20) 

17.5% (n=10) 

 

 

Annual family income 

$0 to $15,000 

$16,000 to $25,000 

$26,000 to $50,000 

$51,000 to $75,000 

$76,000 to $100,000 

$101,000 to $150,000 

$151,000 +  

 

7.0% (n=4) 

3.5% (n=2) 

10.5% (n=6) 

26.3% (n=15) 

17.5% (n=10) 

17.5% (n=10) 

17.6% (n=10) 

 

 

Maternal disrupted interaction  

                    Overall level of disruption 

Affective communication errors 

Role confusion 

Disorientation 

 

M= 3.05 (SD= 1.70) 

M= 2.77 (SD= 1.54) 

M= 2.73 (SD= 1.67) 

M= 3.70 (SD= 1.51) 

 

1 - 7 

1 - 6 

1 - 6 

1 - 6 
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Negative/ intrusive behavior 

Withdrawal 

 

M= 1.82 (SD= 1.19) 

M= 3.70 (SD= 1.67) 

1 - 6 

1 - 7 

 

Infant AUCg (nmol/L) 

Infant AUCi (nmol/L) 

 

M= 45.42 (SD= 3.61) 

M= -0.68 (SD= 3.28) 

 

41.69 - 58.82 

-8.17 – 6.10 

Amygdala volume (mm3)  M = 2387.37 (SD = 748.41) 1256 - 4795 

Hippocampal volume (mm3)  M = 6099.55 (SD = 1221.24) 3829 - 9976 

Note: Outliers removed from amygdala and hippocampal volumes. Infant AUCg/AUCi cortisol is log-

transformed and winsorized. N = 47 for AUCg/AUCi, N = 56 for amygdala volume, N=55 for 

hippocampal volume, N= 56 for maternal disrupted interaction. All missing data estimated in final 

models.  

 

 

Table 2   

 

Regression coefficients from separate regression models examining associations between maternal 

overall disrupted behavior/ maternal disorientation and infant total cortisol output (AUCg)/change in 

cortisol (AUCi) and between infant cortisol levels and infant amygdala volume and infant hippocampal 

volume. 

 

 AUCg 
 

 AUCi 

 

 B SE β 95% CI 

 

 B SE β 95% CI 

 

Maternal overall 

disrupted behavior 

→ Infant cortisol 

         

Saliva collection time -

0.288 

0.305 -0.147 -0.408, 

0.182 

 -

0.053 

0.356 -0.030 -0.418, 

0.341 

Maternal disrupted 

behavior 

0.721 0.275 0.334* 0.075, 

0.580 

 -

0.123 

0.281 -0.063 -0.328, 

0.232 

    

Maternal 

disorientation → 

Infant cortisol  

         

Saliva collection time -

0.302 

0.314 -0.154 -0.439, 

0.131 

 -

0.136 

0.351 -0.076 -0.451, 

0.291 

Maternal 

disorientation 

  

0.943 0.335 0.435* 0.162, 

0.641 

 0.284 0.320 0.144 -0.182, 

0.448 

Infant cortisol → 

Infant amygdala 

volume 

         

GMV 0.002 0.001 0.320 -0.041, 

0.774 

 0.023 0.014 0.361 -0.035, 

0.795 

Age at MRI 0.000 0.001 0.054 -0.457, 

0.467 

 - 

0.001 

0.001 -0.141 -0.646, 

0.345 

Sex 0.222 0.194 0.150 -0.120, 

0.398 

 0.185 0.226 0.125 -0.198, 

0.420 
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Cortisol 

 

0.094 0.032 0.455** 0.215, 
0.645 

 0.036 0.038 0.156 -0.182, 
0.456 

Infant cortisol → 

Infant hippocampal 

volume 

         

GMV 0.001 0.002 0.113 -0.262, 

0.651 

 0.001 0.002 0.112 -0.273, 

0.605 

Age at MRI 0.002 0.001 0.244 -0.251, 

0.646 

 0.001 0.002 0.083 -0.403, 

0.529 

Sex 0.472 0.308 0.195 -0.072, 

0.442 

 0.416 0.365 0.172 -0.137, 

0.466 

Cortisol 0.166 0.061 0.484** 0.206, 
0.693 

 0.029 0.062 0.079 -0.234, 

0.374 

 

Note. N = 57; AUCg = Area under the curve with respect to ground, or total cortisol output; 

AUCi = Area under the curve with respect to increase, or change in cortisol; GMV= Grey matter 

volume CI’s that do not contain zero are significant at p < .05.  

 

 

 

1a. 

1b.  
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Figure 1a, b.  

Distribution of infant cortisol levels (AUCg) at four months as a function of overall level of 

maternal disrupted interaction and the subscale for maternal disorientation, adjusted for time of 

cortisol collection.  

Note. Plots show standardized residuals. AUCg was log-transformed and winsorized.  AUCg 

metric is nmol/L. Regression data presented without estimation of missing data, with cortisol 

collection time controlled; Plotted data reflect N = 45, with missing data on maternal interaction 

for one mother and missing data on one or more of the three time points needed for computing 

AUCg for 10 infants. Final regression analyses presented in text were conducted using FIML 

(N=57).    
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2a. 

 

 
2b. 

 
 

 

Figure 2a,b. 

Distribution of infant amygdala and hippocampal volumes as a function of infant cortisol output 

(AUCg), adjusted for effects of age at MRI, sex, and GMV. 

Note. Plots show standardized residuals. Limbic volume metric is mm3. Regression data 

presented without estimation of missing data, with age, sex, and GMV controlled; Plotted data 

reflect missing data on infant cortisol at one or more of the three time points contributing to 

AUCg for 10 infants and removal of one outlier for amygdala volume and two outliers for 

hippocampal volume, amygdala N = 46, hippocampus N = 45. AUCg was log-transformed and 

winsorized. Final regression analyses were conducted using FIML (N=57).   
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3a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3a,b.  

Standardized coefficients and confidence intervals from mediation models with overall maternal 

disrupted interaction predicting infant amygdala volume (Figure 2a) and infant hippocampal volume 

(Figure 2b) through infant cortisol output.   

 

Note: CI’s that do not contain zero are significant at p < .05. N = 57.   

 

  

Infant Cortisol Output 

(AUCg)

Overall Maternal 

Disrupted 

Communication 

Infant Amygdala 

Volume
Indirect effect: β = 0.11, SE= 0.07, CI [-0.00, 0.26] 

GMV, age, sex

Baseline cortisol 

collection time

β = 0.43*, SE= 0.10,  

CI [0.20,0.61] 
β = 0.26, SE= 0.14,  

CI [-0.01, 0.53] 

Direct effect: β = -0.21, SE= 0.13, CI [-0.45, 0.06] 

Infant Cortisol Output 

(AUCg)

Overall Maternal 

Disrupted 

Interaction 

Infant Hippocampal 

Volume

Indirect effect: β = 0.12*, SE= 0.07, CI [0.01, 0.25] 

GMV, age, sex

Baseline cortisol 

collection time

β = 0.47*, SE= 0.12,  

CI [0.19,0.63] β = 0.26*, SE= 0.13,  

CI [0.01, 0.47] 

Direct effect: β = -0.16, SE= 0.12, CI [-0.38, 0.06] 
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4a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4a,b.  

Standardized coefficients and confidence intervals from mediation models with maternal disorientation 

predicting infant amygdala volume (Figure 3a) and infant hippocampal volume (Figure 3b) through 

infant cortisol output.   

 

Note: CI’s that do not contain zero are significant at p < .05. N = 57.   

  

Infant Cortisol Output 

(AUCg)

Maternal 

Disorientation 

Infant Amygdala 

Volume
Indirect effect: β = 0.16*, SE= 0.06, CI [0.06, 0.31] 

GMV, age, sex

Baseline cortisol 

collection time

β = 0.42*, SE= 0.11,  

CI [0.18,0.62] β = 0.39*, SE= 0.13,  

CI [0.10, 0.62] 

Direct effect: β = -0.13, SE= 0.15, CI [-0.42, 0.17] 

Infant Cortisol Output 

(AUCg)

Maternal 

Disorientation 

Infant Hippocampal 

Volume

Indirect effect: β = 0.18*, SE= 0.07, CI [0.06, 0.34] 

GMV, age, sex

Baseline cortisol 

collection time

β = 0.48*, SE= 0.13,  

CI [0.16,0.68] β = 0.38*, SE= 0.13,  

CI [0.08, 0.61] 

Direct effect: β = -0.14, SE= 0.14, CI [-0.39, 0.14] 

Jo
ur

na
l P

re
-p

ro
of



33 

  

References 

Ainsworth, M.D.S., Blehar, M., Waters, E., & Wall, S. (1978). Patterns of Attachment. Hillsdale, 

NJ: Erlbaum.   

Atkinson, L., Jamieson, B., Khoury, J., Ludmer, J., & Gonzalez, A. (2016). Stress physiology in 

infancy and early childhood: Cortisol flexibility, attunement and coordination. Journal of 

Neuroendocrinology, 28(8).  

Bernier, A., Dégeilh, F., Leblanc, É., Daneault, V., Bailey, H. N., & Beauchamp, M. H. (2019). 

Mother-infant interaction and child brain morphology: A multidimensional approach to 

maternal sensitivity. Infancy, 24(2), 120–138. https://doi.org/10.1111/infa.12270 

Cassidy, J. & Shaver, P. (Eds.) (2016).  Handbook of Attachment: Theory, Research, and 

Clinical Applications. 3rd Edition. New York: Guilford.  

  

Champagne, D. L., Bagot, R. C., van Hasselt, F., Ramakers, G., Meaney, M. J., De Kloet, E. R., 

... & Krugers, H. (2008). Maternal care and hippocampal plasticity: evidence for 

experience-dependent structural plasticity, altered synaptic functioning, and differential 

responsiveness to glucocorticoids and stress. Journal of neuroscience, 28(23), 6037-

6045. 

Chen, Y., Andres, A. L., Frotscher, M., & Baram, T. Z. (2012). Tuning synaptic transmission in 

the hippocampus by stress: the CRH system. Frontiers in cellular neuroscience, 6, 13. 

https://doi.org/10.3389/fncel.2012.00013 

Chen, Y., & Baram, T. Z. (2016). Toward Understanding How Early-Life Stress Reprograms 

Cognitive and Emotional Brain Networks. Neuropsychopharmacology, 41(1), 197–206. 

https://doi.org/10.1038/npp.2015.181 

Chua, A. S., Egorova, S., Anderson, M. C., Polgar-Turcsanyi, M., Chitnis, T., Weiner, H. L., 

Guttmann, C. R., Bakshi, R., & Healy, B. C. (2015). Handling changes in MRI 

acquisition parameters in modeling whole brain lesion volume and atrophy data in 

multiple sclerosis subjects: Comparison of linear mixed-effect models. NeuroImage. 

Clinical, 8, 606–610. https://doi.org/10.1016/j.nicl.2015.06.009 

Cortes Hidalgo, A. P., Muetzel, R., Luijk, M. P., Bakermans-Kranenburg, M. J., El Marroun, H., 

Vernooij, M. W., van IJzendoorn, M. H., White, T. & Tiemeier, H. (2019). Observed 

infant-parent attachment and brain morphology in middle childhood–A population-based 

study. Developmental cognitive neuroscience, 40, 100724. 

https://doi.org/10.1016/j.dcn.2019.100724 

Crockett, E. E., Holmes, B. M., Granger, D. A., & Lyons-Ruth, K. (2013). Maternal disrupted 

communication during face-to-face interaction at 4 months: Relation to maternal and 

infant cortisol among at-risk families. Infancy, 18(6), 1111–1134. 

https://doi.org/10.1111/infa.12015 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1111/infa.12270
https://doi.org/10.3389/fncel.2012.00013
https://doi.org/10.1038/npp.2015.181
https://doi.org/10.1111/infa.12015


34 

  

Cruz, S., Dinov, I. D., Herting, M. M., González-Zacarías, C., Kim, H., Toga, A. W., & 

Sepehrband, F. (2020). Imputation Strategy for Reliable Regional MRI Morphological 

Measurements. Neuroinformatics, 18(1), 59–70. https://doi.org/10.1007/s12021-019-

09426-x 

Doshi, J., Erus, G., Ou, Y., Gaonkar, B., & Davatzikos, C. (2013). Multi-atlas skull-

stripping. Academic Radiology, 20(12), 1566-1576. 

https://doi.org/10.1016/j.acra.2013.09.010 

Doshi, J., Erus, G., Ou, Y., Resnick, S. M., Gur, R. C., Gur, R. E., Satterthwaite, T. D., Furth, S., 

Davatzikos, C., & Alzheimer's Neuroimaging Initiative. (2016). MUSE: multi-atlas 

region segmentation utilizing ensembles of registration algorithms and parameters, and 

locally optimal atlas selection. NeuroImage, 127, 186-195. 

https://doi.org/10.1016/j.neuroimage.2015.11.073 

Drury, S. S., Sánchez, M. M., & Gonzalez, A. (2016). When mothering goes awry: Challenges 

and opportunities for utilizing evidence across rodent, nonhuman primate and human 

studies to better define the biological consequences of negative early 

caregiving. Hormones and Behavior, 77, 182–192. 

https://doi.org/10.1016/j.yhbeh.2015.10.007 

Erickson, S., Kubineca, N., Vaccaroa, S., Mossa, N., Riegera, R., Andrew Rowland, A., & Lowe, 

J.R. (2019). The association between maternal interaction and infant cortisol stress 

reactivity among preterm and full term infants at 4 months adjusted age. Infant Behavior 

and Development, 57, 101342   https://doi.org/10.1016/j.infbeh.2019.101342      

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: a flexible statistical 

power analysis program for the social, behavioral, and biomedical sciences. Behavior 

Research Methods, 39(2), 175–191. https://doi.org/10.3758/bf03193146 

Fowler, C. H., Bogdan, R., & Gaffrey, M. S. (2021). Stress-induced cortisol response is 

associated with right amygdala volume in early childhood. Neurobiology of Stress, 14, 

100329. 

Gilmore, J. H., Shi, F., Woolson, S. L., Knickmeyer, R. C., Short, S. J., Lin, W., Zhu, H., Hamer, 

R. M., Styner, M., & Shen, D. (2012). Longitudinal development of cortical and 

subcortical gray matter from birth to 2 years. Cerebral Cortex (New York, N.Y.: 

1991), 22(11), 2478–2485. https://doi.org/10.1093/cercor/bhr327   

Hanrahan, K., McCarthy, A. M., Kleiber, C., Lutgendorf, S., & Tsalikian, E. (2006). Strategies 

for salivary cortisol collection and analysis in research with children. Applied Nursing 

Research, 19(2), 95-101. 

Hostinar, C. E., Sullivan, R. M., & Gunnar, M. R. (2014). Psychobiological mechanisms 

underlying the social buffering of the hypothalamic-pituitary-adrenocortical axis: a 

review of animal models and human studies across development. Psychological 

Bulletin, 140(1), 256–282. https://doi.org/10.1037/a0032671 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1007/s12021-019-09426-x
https://doi.org/10.1007/s12021-019-09426-x
https://doi.org/10.1016/j.acra.2013.09.010
https://doi.org/10.1016/j.neuroimage.2015.11.073
https://doi.org/10.1016/j.yhbeh.2015.10.007
https://doi.org/10.1016/j.infbeh.2019.101342
https://doi.org/10.3758/bf03193146


35 

  

Ilyka, D., Johnson, M. H., & Lloyd-Fox, S. (2021). Infant social interactions and brain 

development: A systematic review. Neuroscience and Biobehavioral Reviews, 130, 448–

469. https://doi.org/10.1016/j.neubiorev.2021.09.001 

Jaffe, J., Beebe, B., Feldstein, S., Crown, C., Jasnow, M. (2001) Rhythms of dialogue in infancy: 

Coordinated timing in development. Monographs of the Society for Research in Child 

Development, Serial no. 265, 66, 2.    

  

Khoury, J. E., Beeney, J., Shiff, I., Bosquet Enlow, M., & Lyons-Ruth, K. (2021). Maternal 

experiences of childhood maltreatment moderate patterns of mother-infant cortisol 

regulation under stress. Developmental Psychobiology, 63(5), 1309–1321. 

https://doi.org/10.1002/dev.22109 

Khoury, J. E., Dimitrov, L., Enlow, M. B., Haltigan, J. D., Bronfman, E., & Lyons-Ruth, K. 

(2022). Patterns of maternal childhood maltreatment and disrupted interaction between 

mothers and their 4-month-old infants. Child Maltreatment, 27(3), 366–377. 

https://doi.org/10.1177/10775595211007567 

Khoury, J. E., Pechtel, P., Andersen, C. M., Teicher, M. H., & Lyons-Ruth, K. (2019). Relations 

among maternal withdrawal in infancy, borderline features, suicidality/self-injury, and 

adult hippocampal volume: A 30-year longitudinal study. Behavioural Brain 

Research, 374, 112139. https://doi.org/10.1016/j.bbr.2019.112139 

Kok, R., Thijssen, S., Bakermans-Kranenburg, M. J., Jaddoe, V. W., Verhulst, F. C., White, T., 

van IJzendoorn, M. H., & Tiemeier, H. (2015). Normal variation in early parental 

sensitivity predicts child structural brain development. Journal of the American Academy 

of Child and Adolescent Psychiatry, 54(10), 824–831.e1. 

https://doi.org/10.1016/j.jaac.2015.07.009 

 

Lee, T., Jarome, T., Li, S. J., Kim, J. J., & Helmstetter, F. J. (2009). Chronic stress selectively 

reduces hippocampal volume in rats: a longitudinal magnetic resonance imaging 

study. Neuroreport, 20(17), 1554–

1558.https://doi.org/10.1097/WNR.0b013e328332bb09 

Lee, A., Poh, J. S., Wen, D. J., Tan, H. M., Chong, Y. S., Tan, K. H., ... & Qiu, A. (2019). 

Maternal care in infancy and the course of limbic development. Developmental Cognitive 

Neuroscience, 40, 100714. 

Leverenz, J. B., Wilkinson, C. W., Wamble, M., Corbin, S., Grabber, J. E., Raskind, M. A., & 

Peskind, E. R. (1999). Effect of chronic high-dose exogenous cortisol on hippocampal 

neuronal number in aged nonhuman primates. Journal of Neuroscience, 19(6), 2356-

2361. https://doi.org/10.1523/JNEUROSCI.19-06-02356.  

Luby, J. L., Barch, D. M., Belden, A., Gaffrey, M. S., Tillman, R., Babb, C., Nishino, T., Suzuki, 

H., & Botteron, K. N. (2012). Maternal support in early childhood predicts larger 

hippocampal volumes at school age. Proceedings of the National Academy of Sciences of 

the United States of America, 109(8), 2854–2859. 

https://doi.org/10.1073/pnas.1118003109 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.neubiorev.2021.09.001
https://srcd-onlinelibrary-wiley-com.ezp-prod1.hul.harvard.edu/toc/15405834/66/2?sid=vendor%3Adatabase
https://srcd-onlinelibrary-wiley-com.ezp-prod1.hul.harvard.edu/toc/15405834/66/2?sid=vendor%3Adatabase
https://doi.org/10.1177/10775595211007567
https://doi.org/10.1016/j.jaac.2015.07.009
https://doi.org/10.1097/WNR.0b013e328332bb09
https://doi.org/10.1523/JNEUROSCI.19-06-02356
https://doi.org/10.1073/pnas.1118003109


36 

  

Lyons-Ruth, K., Bronfman, E., & Parsons, E. (1999). Maternal frightened, frightening, and 

atypical behavior and disorganized infant attachment strategies. In J. Vondra and D. 

Barnett (Eds.) Atypical Attachment in Infancy and Early Childhood Among Children at 

Developmental Risk. (pp. 67-96). Monographs of the Society for Research in Child 

Development. 

Lyons-Ruth, K., Bureau, J. F., Holmes, B., Easterbrooks, A., & Brooks, N. H. (2013). Borderline 

symptoms and suicidality/self-injury in late adolescence: prospectively observed 

relationship correlates in infancy and childhood. Psychiatry Research, 206(2-3), 273–

281. https://doi.org/10.1016/j.psychres.2012.09.030 

Lyons-Ruth, K., Bureau, J. F., Riley, C. D., & Atlas-Corbett, A. F. (2009). Socially 

indiscriminate attachment behavior in the Strange Situation: convergent and discriminant 

validity in relation to caregiving risk, later behavior problems, and attachment 

insecurity. Development and Psychopathology, 21(2), 355–372. 

https://doi.org/10.1017/S0954579409000376 

Lyons-Ruth, K., Pechtel, P., Yoon, S. A., Anderson, C. M., & Teicher, M. H. (2016). 

Disorganized attachment in infancy predicts greater amygdala volume in 

adulthood. Behavioural Brain Research, 308, 83–93. 

https://doi.org/10.1016/j.bbr.2016.03.050 

Lyons-Ruth, K., Riley, C., Patrick, M. P. H., & Hobson, R. P. (2019). Disinhibited attachment 

behavior among infants of mothers with borderline personality disorder, depression, and 

no diagnosis. Personality Disorders, 10(2), 163–172. https://doi.org/10.1037/per0000312 

Madigan, S., Bakermans-Kranenburg, M. J., Van IJzendoorn, M. H., Moran, G., Pederson, D. R., 

& Benoit, D. (2006). Unresolved states of mind, anomalous parental behavior, and 

disorganized attachment: a review and meta-analysis of a transmission gap. Attachment & 

Human Development, 8(2), 89–111. https://doi.org/10.1080/14616730600774458 

Maras, P. M., & Baram, T. Z. (2012). Sculpting the hippocampus from within: stress, spines, and 

CRH. Trends in Neurosciences, 35(5), 315–324. 

https://doi.org/10.1016/j.tins.2012.01.005 

Martinez-Torteya, C., Dayton, C. J., Beeghly, M., Seng, J. S., McGinnis, E., Broderick, A., 

Rosenblum, K., & Muzik, M. (2014). Maternal parenting predicts infant biobehavioral 

regulation among women with a history of childhood maltreatment. Development and 

Psychopathology, 26(2), 379–392. https://doi.org/10.1017/S0954579414000017 

McCormack, K. M., Howell, B. R., Higgins, M., Bramlett, S., Guzman, D., Morin, E. L., 

Villongco, C., Liu, Y., Meyer, J., & Sanchez, M. M. (2022). The developmental 

consequences of early adverse care on infant macaques: A cross-fostering 

study. Psychoneuroendocrinology, 146, 105947. Advance online publication. 

https://doi.org/10.1016/j.psyneuen.2022.105947   

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1017/S0954579409000376
https://doi.org/10.1080/14616730600774458
https://doi.org/10.1016/j.tins.2012.01.005


37 

  

McEwen B. S. (1998). Protective and damaging effects of stress mediators. The New England 

Journal of Medicine, 338(3), 171–179. https://doi.org/10.1056/NEJM199801153380307.  

McLaughlin, K. A., Weissman, D., & Bitrán, D. (2019). Childhood adversity and neural 

development: A systematic review. Annual Review of Developmental Psychology, 1, 

277–312. https://doi.org/10.1146/annurev-devpsych-121318-084950  

Mesman, J., van IJzendoorn, M. H., & Bakermans-Kranenburg, M. J. (2009). The many faces of 

the Still-Face Paradigm: A review and meta-analysis. Developmental Review, 29(2), 120–

162. https://doi.org/10.1016/j.dr.2009.02.001 

Moog, N. K., Heim, C. M., Entringer, S., Simhan, H. N., Wadhwa, P. D., & Buss, C. (2022). 

Transmission of the adverse consequences of childhood maltreatment across generations: 

Focus on gestational biology. Pharmacology, Biochemistry, and Behavior, 215, 173372. 

https://doi.org/10.1016/j.pbb.2022.173372 

Nolvi, S., Rasmussen, J. M., Graham, A. M., Gilmore, J. H., Styner, M., Fair, D. A., ... & Buss, 

C. (2020). Neonatal brain volume as a marker of differential susceptibility to parenting 

quality and its association with neurodevelopment across early childhood. Developmental 

Cognitive Neuroscience, 45, 100826. https://doi.org/10.1016/j.dcn.2020.100826   

Nolvi, S., Tuulari, J. J., Lavonius, T., Scheinin, N. M., Lehtola, S. J., Lavonius, M., ... & 

Karlsson, H. (2020). Newborn white matter microstructure moderates the association 

between maternal postpartum depressive symptoms and infant negative reactivity. Social 

Cognitive and Affective Neuroscience, 15(6), 649-660. 

https://doi.org/10.1093/scan/nsaa081  

Opendak, M., & Sullivan, R. M. (2016). Unique neurobiology during the sensitive period for 

attachment produces distinctive infant trauma processing. European journal of 

Psychotraumatology, 7, 31276. https://doi.org/10.3402/ejpt.v7.31276  

Ou, Y., Zöllei, L., Retzepi, K., Castro, V., Bates, S. V., Pieper, S., Andriole, K. P., Murphy, S. 

N., Gollub, R. L., & Grant, P. E. (2017). Using clinically acquired MRI to construct age-

specific ADC atlases: Quantifying spatiotemporal ADC changes from birth to 6-year 

old. Human Brain Mapping, 38(6), 3052–3068. https://doi.org/10.1002/hbm.23573 

Ou, Y., Zöllei, L., Da, X., Retzepi, K., Murphy, S., Gerstner, E., Rosen, B., Grant, P. E., 

Kalpathy-Cramer, J., & Gollub, R. (2018). Field of view normalization in multi-site brain 

MRI. Neuroinformatics, 16(4), 431-444. https://doi.org/10.1007/s12021-018-9359-z. 

Pagliaccio, D., Luby, J. L., Bogdan, R., Agrawal, A., Gaffrey, M. S., Belden, A. C., Botteron, K. 

N., Harms, M. P., & Barch, D. M. (2014). Stress-system genes and life stress predict 

cortisol levels and amygdala and hippocampal volumes in 

children. Neuropsychopharmacology: official publication of the American College of 

Neuropsychopharmacology, 39(5), 1245–1253. https://doi.org/10.1038/npp.2013.327  

Jo
ur

na
l P

re
-p

ro
of

https://psycnet.apa.org/doi/10.1016/j.dr.2009.02.001
https://doi.org/10.1016/j.pbb.2022.173372
https://doi.org/10.1016/j.dcn.2020.100826
https://doi.org/10.1093/scan/nsaa081
https://doi.org/10.3402/ejpt.v7.31276
https://doi.org/10.1002/hbm.23573
https://doi.org/10.1007/s12021-018-9359-z


38 

  

Peiffer, A., Barden, N., & Meaney, M. J. (1991). Age-related changes in glucocorticoid receptor 

binding and mRNA levels in the rat brain and pituitary. Neurobiology of Aging, 12(5), 

475–479. https://doi.org/10.1016/0197-4580(91)90076-v 

Pinquart, M. (2017). Associations of parenting dimensions and styles with externalizing 

problems of children and adolescents: An updated meta-analysis. Developmental 

Psychology, 53(5), 873–932. https://doi.org/10.1037/dev0000295 

Preacher, K.J., & Hayes, A.F. (2008). Asymptotic and resampling strategies for assessing and 

comparing indirect effects in multiple mediator models. Behav. Res. Methods, 40 (3), 

879–891, https://doi.org/10.3758/BRM.40.3.879. 

Pruessner, J. C., Kirschbaum, C., Meinlschmid, G., & Hellhammer, D. H. (2003). Two formulas 

for computation of the area under the curve represent measures of total hormone 

concentration versus time-dependent change. Psychoneuroendocrinology, 28(7), 916–

931. https://doi.org/10.1016/s0306-4530(02)00108-7 

Qiu, A., Rifkin-Graboi, A., Chen, H., Chong, Y. S., Kwek, K., Gluckman, P. D., ... & Meaney, 

M. J. (2013). Maternal anxiety and infants' hippocampal development: timing 

matters. Translational psychiatry, 3(9), e306-e306. https://doi.org/10.1038/tp.2013.79  

Rao, U., Chen, L. A., Bidesi, A. S., Shad, M. U., Thomas, M. A., & Hammen, C. L. (2010). 

Hippocampal changes associated with early-life adversity and vulnerability to 

depression. Biological psychiatry, 67(4), 357–364. 

https://doi.org/10.1016/j.biopsych.2009.10.017   

Rezvan, P., Lee, K. J., & Simpson, J. A. (2015). The rise of multiple imputation: a review of the 

reporting and implementation of the method in medical research. BMC medical research 

methodology, 15, 30. https://doi.org/10.1186/s12874-015-0022-1 

 

Rifkin-Graboi, A., Kong, L., Sim, L. W., Sanmugam, S., Broekman, B. F., Chen, H., Wong, E., 

Kwek, K., Saw, S. M., Chong, Y. S., Gluckman, P. D., Fortier, M. V., Pederson, D., 

Meaney, M. J., & Qiu, A. (2015). Maternal sensitivity, infant limbic structure volume and 

functional connectivity: a preliminary study. Translational Psychiatry, 5(10), e668. 

https://doi.org/10.1038/tp.2015.133 

 

Rifkin-Graboi, A., Tan, H. M., Shaun, G. K. Y., Sim, L. W., Sanmugam, S., Chong, Y. S., ... & 

Qiu, A. (2019). An initial investigation of neonatal neuroanatomy, caregiving, and levels 

of disorganized behavior. Proceedings of the National Academy of Sciences, 116(34), 

16787-16792. https://doi.org/10.1073/pnas.1900362116   

Rifkin-Graboi, A., Tsotsi, S., Syazwana, N., Stephenson, M. C., Sim, L. W., & Lee, K. (2023). 

Variation in maternal sensitivity and the development of memory biases in 

preschoolers. Frontiers in Behavioral Neuroscience, 17, 1093619.  

Sanchez, M., McCormack, K., & Howell, B. (2015). Social buffering of stress responses in 

nonhuman primates: Maternal regulation of the development of emotional regulatory 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/0197-4580(91)90076-v
https://psycnet.apa.org/doi/10.1037/dev0000295
https://doi.org/10.1016/s0306-4530(02)00108-7
https://doi.org/10.1038/tp.2013.79
https://doi.org/10.1186/s12874-015-0022-1
https://doi.org/10.1038/tp.2015.133
https://doi.org/10.1073/pnas.1900362116


39 

  

brain circuits. Social Neuroscience, 10 (5), 512–526. 

http://dx.doi.org/10.1080/17470919.2015.1087426  

Selya, A. S., Rose, J. S., Dierker, L. C., Hedeker, D., & Mermelstein, R. J. (2012). A practical 

guide to calculating Cohen's f(2), a measure of local effect size, from PROC 

MIXED. Frontiers in Psychology, 3, 111. https://doi.org/10.3389/fpsyg.2012.00111   

Sethna, V., Pote, I., Wang, S., Gudbrandsen, M., Blasi, A., McCusker, C., Daly, E., Perry, E., 

Adams, K., Kuklisova-Murgasova, M., Busuulwa, P., Lloyd-Fox, S., Murray, L., 

Johnson, M. H., Williams, S., Murphy, D., Craig, M. C., & McAlonan, G. M. (2017). 

Mother-infant interactions and regional brain volumes in infancy: an MRI study. Brain 

Structure & Function, 222(5), 2379–2388. https://doi.org/10.1007/s00429-016-1347-1 

Smith, C. L., Calkins, S. D., Keane, S. P., Anastopoulos, A. D., & Shelton, T. L. (2004). 

Predicting stability and change in toddler behavior problems: contributions of maternal 

behavior and child gender. Developmental Psychology, 40(1), 29. 

https://doi.org/10.1037/0012-1649.40.1.29  

Teicher, M. H., & Samson, J. A. (2013). Childhood maltreatment and psychopathology: A case 

for ecophenotypic variants as clinically and neurobiologically distinct subtypes. The 

American Journal of Psychiatry, 170(10), 1114–1133. 

https://doi.org/10.1176/appi.ajp.2013.12070957 

Teicher, M.H., Samson, J.A., Anderson, C.M., & Ohashi, K. (2016). The effects of childhood 

maltreatment on brain structure, function and connectivity. Nature Reviews. 

Neuroscience, 17(10): 652-666. https://doi.org/10.1038/nrn.2016.111 

Tisdall, M. D., Hess, A. T., Reuter, M., Meintjes, E. M., Fischl, B., & van der Kouwe, A. J. 

(2012). Volumetric navigators for prospective motion correction and selective 

reacquisition in neuroanatomical MRI. Magnetic Resonance in Medicine, 68(2), 389–

399. https://doi.org/10.1002/mrm.23228 

Tronick, E., Als, H., Adamson, L., Wise, S., & Brazelton, T. B. (1978). The infant's response to 

entrapment between contradictory messages in face-to-face interaction. Journal of the 

American Academy of Child & Adolescent Psychiatry, 17(1), 1–13. 

https://doi.org/10.1016/ S0002-7138(09)62273-1 

Turecki, G., & Meaney, M. J. (2016). Effects of the social environment and stress on 

glucocorticoid receptor gene methylation: A systematic review. Biological 

psychiatry, 79(2), 87–96. https://doi.org/10.1016/j.biopsych.2014.11.022  

Tuvnes, F. A., Steffenach, H. A., Murison, R., Moser, M. B., & Moser, E. I. (2003). Selective 

hippocampal lesions do not increase adrenocortical activity. Journal of 

Neuroscience, 23(10), 4345-4354. https://doi.org/10.1523/JNEUROSCI.19-06-02356  

Vyas, A., Jadhav, S., & Chattarji, S. (2006). Prolonged behavioral stress enhances synaptic 

connectivity in the basolateral amygdala. Neuroscience, 143(2), 387–393. 

https://doi.org/10.1016/j.neuroscience.2006.08.003 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.3389/fpsyg.2012.00111
https://doi.org/10.1007/s00429-016-1347-1
https://doi.org/10.1037/0012-1649.40.1.29
https://doi.org/10.1002/mrm.23228
https://doi.org/10.1523/JNEUROSCI.19-06-02356
https://doi.org/10.1016/j.neuroscience.2006.08.003


40 

  

Vyas, A., Pillai, A. G., & Chattarji, S. (2004). Recovery after chronic stress fails to reverse 

amygdaloid neuronal hypertrophy and enhanced anxiety-like 

behavior. Neuroscience, 128(4), 667–673. 

https://doi.org/10.1016/j.neuroscience.2004.07.013  

Yarger, H. A., Bronfman, E., Carlson, E., & Dozier, M. (2020). Intervening with Attachment and 

Biobehavioral Catch-Up to decrease disrupted parenting behavior and attachment 

disorganization: The role of parental withdrawal. Development and Psychopathology, 

32(3), 1139-1148. https://doi.org/10.1017/s0954579419000786  

 

 

 

 

  

Jo
ur

na
l P

re
-p

ro
of



41 

  

Conflict of interest:  

The authors do not have any conflicts of interest to disclose. 

 
 

 

  

Jo
ur

na
l P

re
-p

ro
of



42 

  

Highlights 

• Higher cortisol associated with enlarged amygdala and hippocampal volumes in infancy 

• Maternal behavior indirectly linked to limbic volumes through elevated infant cortisol  

• Results in human infants are consistent with animal research 
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