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Research Highlights


Severity of stress in childhood is associated with reduced left and right hippocampal volume.



Stress severity in early childhood, but not later in childhood, appears to be responsible for
the association between stress severity and hippocampal volume.



Stress severity persists as a statistical predictor of reduced hippocampal volume after
covarying for the number of stressful events experienced.

Abstract

Exposure to stress has been causally linked to changes in hippocampal volume (HV). Given that the
hippocampus undergoes rapid changes in the first years of life, stressful experiences during this
period may be particularly important in understanding individual differences in the development of
the hippocampus. One hundred seventy-eight early adolescents (ages 9-13 years; 43% male) were
interviewed regarding exposure to and age of onset of experiences of stress; the severity of each
stressful event was rated by an objective panel. All participants underwent structural magnetic
resonance imaging, from which HVs were automatically segmented. Without considering the age of
onset for stressful experiences, there was a small but statistically significant negative association of
stress severity with bilateral HV. When considering the age of onset, there was a moderate and
significant negative association between stress severity during early childhood (through age 5 years)
and HV; there was no association between stress severity during later childhood and HV (age 6 years
and older). We provide evidence of a sensitive period through age 5 years for the effects of life
stress on HV in adolescence. It will be important in future research to elucidate how reduced HV
stemming from early life stress may contribute to stress-related health outcomes.

Key words: early life stress; sensitive period; hippocampus; adversity
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Early life stress (ELS) is a potent risk factor for later negative mental and physical health

outcomes (Shonkoff & Garner, 2012). The hippocampus, a structure that is involved in emotion,
memory, and learning (Phelps, 2004), has a high concentration of glucocorticoid receptors (Jacobson
& Sapolsky, 1991). Exposure to glucocorticoids reduces synaptogenesis and neurogenesis (Teicher,
2008), and non-human animal research indicates that such exposure, which is increased by stress,
affects hippocampal gray matter volume (Karl et al., 2006; Kim, Pellman, & Kim, 2015; Shi, Liu, Zhou,
Yu, & Jiang, 2009). Early research with humans examined adult outcomes of retrospectively reported
stress, and found that experiences of trauma in childhood predicted reduced hippocampal volume
(HV) in adults (Bremner et al., 1997; Stein, Koverola, Hanna, Torchia, & McClarty, 1997). This work
was followed by studies of children and adolescents who were broadly identified as having
experienced ELS, typically using an extreme-groups approach. This research yielded mixed findings
concerning the effects of ELS on subsequent HV; whereas some studies demonstrated reduced HV in
those with ELS (Hanson et al., 2015; Hodel et al., 2015), others found no significant association (Frodl
et al., 2017; Mehta et al., 2009; Sheridan, Fox, Zeanah, McLaughlin, & Nelson, 2012; Tottenham et
al., 2010). These mixed findings may be due in part to issues related to measurement, age of
assessment (e.g., because the rate of hippocampal growth may be affected by adverse experience
[Ellwood-Lowe et al., 2018]), and the timing of exposure to stress.
Because of the high density of glucocorticoid receptors, researchers have focused on this

structure in examining the effects of stress during sensitive periods in development (Teicher, 2008).
Indeed, research in adults suggesting that variation in HV is more strongly attributable to early life
events than to normative aging processes (Lupien, Evans, et al., 2007) underscores the importance
of elucidating the effects of the timing of stress on hippocampal development. Andersen et al.
(2008) examined whether the age at which sexual abuse occurred was related to HV in adulthood.
Women who experienced sexual abuse in the preschool age period (i.e., age 3-5 years) had
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significantly smaller HV than did women who experienced no abuse or who experienced abuse at
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older ages. Similarly, children who were adopted to the United States following early institutional
care had smaller HVs in early adolescence than did their counterparts who were raised in their
biological homes (Hodel et al., 2015), suggesting an early sensitive period for hippocampal
development. In concert with findings indicating that early life experiences may be particularly
influential on HV, Luby and colleagues (Luby, Belden, Harms, Tillman, & Barch, 2016) found that
maternal support in the preschool, but not in the school-age, period predicted growth in HV from
school age into early adolescence. These longitudinal findings provide evidence for a sensitive period
in early childhood during which life experiences may have a unique impact on HV.
There is also a growing understanding that how ELS is assessed and quantified may be

important for identifying the sequelae of such experiences. Researchers examining the impact of
stress on development frequently use an extreme-groups or “threshold” approach, in which
experiences of stress are grouped based on the presence or absence of a severe stressful event or
experience. Within these extreme groups, however, there is often significant variability. For
example, even in samples of previously institutionalized children, variability in the amount of time
spent in adverse caregiving environments is associated with differences in outcome (Nelson, Fox, &
Zeanah, 2014). In contrast to an extreme-groups approach, capturing how stressors vary in severity
allows for a finer-grained characterization of the experiences of children. In addition, simple models
that weight all stressful events equally in severity are problematic (Humphreys & Zeanah, 2015;
McLaughlin & Sheridan, 2016; Zeanah & Sonuga-Barke, 2016). Psychometrically, summing a count of
all stressful events treats each event with equal weight (i.e., with a weight of 1) and, therefore, does
not distinguish between two individuals with the same number of endorsed events but who differ
significantly in the severity of these events. In support of this approach, there is evidence that the
severity of stressors (i.e., beyond a simple count) is associated with HV in adolescence (Hanson et al.,
2015). Such an approach attempts to take into account both the number of stressful events and
severity of stressors. In this context, the quantification of stress severity can take at least two
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approaches: (1) the sum of severity across all stressful events endorsed; or (2) the severity of the
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event rated to be most stressful. In the present study we examine both of these approaches. The
sum of stress severity may be most consistent with an allostatic load approach to stress, such that
repeated activation of the stress response system accumulates in the long-term impact (McEwen,
1998). The second, in which a single stressful event is associated with long-term changes, is
consistent with other work on physiological markers of stress exposure (e.g., telomere length
following the death of a close family member; Parks et al., 2009). Importantly, no study has
combined these approaches to the assessment of stress severity during the child’s life with a
measure of the timing of these stressful events.
In the present study, we examined whether the severity (i.e., objective severity rating of the

more stressful experience reported) and timing of life stress (i.e., age of onset) are associated with
HV in a community sample of early adolescents. Our sample was not selected on the basis of severe
adversity, and has therefore the ability to advance our understanding of the potential sensitivity of
response to typical stressors. We selected the hippocampus a priori as our region of interest given
prior theoretical and empirical work indicating the stress sensitivity of this brain region (Teicher,
2008; Teicher et al., 2003; Tottenham & Sheridan, 2009). We hypothesized that severity of stress,
regardless of age of onset, would be associated with smaller HV and, further, that the association
between stress severity and HV would be stronger in early childhood (through age 5 years) than in
later childhood (after age 6 years).
Methods

Participants
Participants were 178 children (77 boys, 101 girls) ages 9.11 to 13.98 years (M age=11.39

years, SD=1.04) who were recruited to take part in a longitudinal study examining ELS and
psychopathology across the pubertal transition, see (Humphreys, Kircanski, Colich, & Gotlib, 2016)
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for more information about the sample. In brief, participants were selected from the community
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with the goal of obtaining a range of severity of ELS. The study was approved by the Stanford
University Institutional Review Board; participants and their parents gave assent and informed
consent, respectively. Demographic information is presented in Table 1. Although the average
income of the sample was quite high, the cost of living in Santa Clara county is among the highest in
the nation ($101,173; U.S. Census Bureau,
https://www.census.gov/quickfacts/fact/table/santaclaracountycalifornia,US/PST045216). Thus, an
income-to-needs ratio (i.e., household income/Santa Clara county low income limit for the number
of people in household) may better reflect socioeconomic status (SES). Based on having an incometo-needs ratio <1 (cutoff determined based on reccomendations based on U.S. Census Bureau,
2004), 30% of families in the sample were low-income. Participants were screened for initial
inclusion/exclusion criteria through a telephone interview; potentially eligible individuals were then
invited to the laboratory for in-person interviews and assessments. Inclusion criteria were that
children be between the ages of 9 and 13 years and be proficient in English. Exclusion criteria were
factors that would preclude MRI scan (e.g., metal implants, braces), a history of major neurological
or medical illness, severe learning disabilities that would make it difficult for participants to
comprehend the study procedures. Females who reported having started menses were excluded,
and boys were matched to girls on Tanner stage, in order to obtain participants in early puberty. In
total, 214 individuals participated in our study, of whom 202 (94%) reported a stressful event with
an identified age of onset; all of these events were rated for severity (see Supplemental Table 1 for
frequency of event endorsed by age period). Individuals who reported no events or only events
without an age of onset (n=12) were not included in subsequent analyses. Of the remaining 202
participants, 20 were not scanned and 4 did not provide usable structural scans, resulting in
available HV information for 178 participants (88%).
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Procedure
Participants were interviewed about experiences of life stress and completed other

measures and tasks not reported here. Participants were compensated for their participation.

Measures
Life Stress. Children were interviewed about their stressful life experiences using a modified

version of the Traumatic Events Screening Inventory for Children (TESI-C) (Ribbe, 1996).
Modifications are described in detail elsewhere (King et al., 2016); briefly, children responded to
questions about 30 types of stressful events (e.g., moving, parental divorce, parental arguments).
Interviewers obtained details about the events, including the age of onset provided based on the
child’s recollection. A panel of three coders, blind to the children’s reactions and behaviors during
the interview, rated the objective severity of each type of stressful event endorsed using a modified
version of the UCLA Life Stress Interview coding system (Rudolph & Hammen, 1999) on a scale of 1–
5, increasing in half-point increments (1=non-event or no impact [e.g., viewing remnants of a car
accident]; 5=extremely severe impact [e.g., witnessing a violent death]; ICC=0.99). Events given a
score of 1 were not included, and subsequently 1.5 was subtracted from all values in order to create
a range of severity from 0 to 3.5.
Our primary measurement of stress severity was the rating given to the most severe

stressful event reported. We considered stress severity based on the timing of the stress onset,
including examining events that occurred in early life (i.e., birth through 5 years), an age cutoff based
on our own and others’ previous work on ELS (Furniss, Beyer, & Müller, 2009; Humphreys et al.,
2016). That is, stress severity in each age period was determined as the most severe stress occurring
during that period. The nature of our stress interview meant that we obtained integer values for the
age at which each event occurred; thus, in order to split events based on developmental status we
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reported a stressful event prior to age 6 years; using an earlier cut point would have resulted in a
significantly reduced sample. Thus, the selection of a particular age split (e.g., 0 vs. 1+, 0-1 vs. 2+,
etc.) was not only influenced by current age cutoffs used in the field of infant mental health but also
sample size considerations. Almost all participants (n=175 [98%]) reported at least one stressful
event that occurred later in childhood (i.e., from age 6 until their interview date). The type and
subjective quality of stressful events may vary based on developmental stage; in Supplemental Table
1 we present the overall rates of different types of stressful events endorsed based on age of onset.
For those with stressful events during both age periods (n=109 [61%]), there was a significant
correlation between stress severity in early childhood with stress severity in later childhood
(r(107)=.26, p=.006). Additionally, we obtained a count of the number of stressful events and a
cumulative measure of stress that takes into account both the number and the severity of stressful
events (see King et al., 2016), which we also included as alternative predictors of HV.
Parents completed a questionnaire version of the TESI regarding their children’s experience

of potentially stressful or traumatic events. The same items as those included in the child report
were assessed, including the presence or absence of, and age of onset for, each event. We did not
rate severity of stressors because parents were not asked to provide details about each event (as
children provided through interviews) to allow for panel ratings.

MRI data acquisition
MRI scans were acquired at the Center for Cognitive and Neurobiological Imaging at

Stanford University using a 3T Discovery MR750 (GE Medical Systems, Milwaukee, WI, USA)
equipped with a 32-channel head coil (Nova Medical, Wilmington, MA, USA). Whole-brain T1weighted images (T1w) were collected using the following spoiled gradient echo (SPGR) pulse
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sequence: 186 sagittal slices; TR (repetition time)/TE (echo time)/TI (inversion
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time)=6.24/2.34/450ms; flip angle=12°; voxel size = 0.9 mm×0.9 mm×0.9 mm; scan duration=315s.
The SPGR sequence was repeated up to two additional times if the first acquisition did not yield clear
images. For each participant with multiple acquisitions, the single SPGR image with the clearest
structural boundaries (i.e., that was free from motion or other artifacts) was used for further
analysis.
Segmentation of the Hippocampus and Thalamus
We used the FreeSurfer software suite (v5.3; available at:

http://surfer.nmr.mgh.harvard.edu/) for the automated segmentation of subcortical volumes from
the T1w images (Fischl et al., 2002). Automated segmentation of HV using this pipeline has been
shown to be robust against anatomic variability and to have comparable accuracy to manual labeling
techniques (Fischl et al., 2002; Fischl & Dale, 2000; Morey et al., 2009) and acceptable scan-rescan
reliability (Jovicich et al., 2009). All participants were physically healthy per our recruitment criteria;
there were no brain anomalies with the exception of arachnoid cysts (n=9) and grossly asymmetrical
lateral ventricles (n=2). T1w images that failed registration or were poorly skull-stripped were
manually corrected by a co-author with extensive experience with FreeSurfer (MCC) and re-run
through FreeSurfer’s recon-all pipeline to ensure accurate estimated ICV (Buckner et al., 2004).
Using the FreeView image viewer, all hippocampal segmentations were visually inspected for
processing and segmentation errors. Segmentation errors included over-extension of the lateral
hippocampal segmentation and incomplete segmentation of the hippocampal body. As noted above,
only those with usable left (n=163; 92%) or right (n=175; 98%) HV were included. In supplemental
analyses to examine the specificity of associations of stress and HV, we analyzed volume of the
thalamus (a region that is less likely to be affected by stress severity; Aronsson et al., 1988; Frodl,
Reinhold, Koutsouleris, Reiser, & Meisenzahl, 2010; Sah et al., 2005) as a control region. More
information about these analyses can be found in the supplement.
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A Pearson’s correlation was conducted to assess concordance between counts of child and
parent reported stressors in early childhood (i.e., through age 5 years). Separate left and right HV
values were regressed on age, sex, and ICV (see Supplemental Table 2); all HV values presented are
thus residual values from this initial linear regression. We used linear regressions to examine the
association of lifetime stress severity (a dimensional measure in which higher scores indicate greater
stress severity) with HV measured in early adolescence, examining each hemisphere separately. We
examined both linear and quadratic terms for stress severity, given the possibility that the
association between stress and outcomes would follow an inverted U-shaped function (see Lupien,
Maheu, Tu, Fiocco, & Schramek, 2007). Next, we tested whether stress severity during specific age
periods (i.e., early childhood, through age 5 years, vs. later childhood, age 6 years or older) predicted
HV. Finally, we examined the predictive impact of stress severity over and above alternative metrics
of stress (i.e., number of stressors and cumulative measurement of stress). Given the exploratory
nature of the study, we did not correct for multiple comparisons.
Results
Demographic and clinical variables assessed in this study are presented in Table 1. Given

limitations in self-report for early life events, we examined the association between child- and
parent-reported events in early childhood. We found a moderate, positive association (r(176)=.42,
p<.001), supporting the validity of child report of stressful events.
Lifetime stress severity and hippocampal volume
We conducted a linear regression to test the association between stress severity across both

early and late childhood periods and residual values for HV (controlling for age, sex, and ICV). There
was a significant association between lifetime stress severity and left HV (=-.19, t(161)=-2.44,
p=.016, R2=.04). Similarly, there was a significant association between lifetime stress severity and
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right HV (=-.16, t(173)=-2.17, p=.032, R2=.03). Sex did not moderate these associations, and the
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quadratic term for stress severity did not significantly improve model fit and therefore were not
included in the model.

Stress severity and hippocampal volume by age of stress onset
To test whether the association between stress severity and HV differed as a function of the

age of stress onset, we conducted separate linear regressions based on stress severity during the
two age periods (i.e., through age 5 years or age 6 or older). There was a significant association
between stress severity in early childhood and left HV (=-.28, t(103)=-2.93, p=.004, R2=.08; Figure
1A), as well as right HV (=-.31, t(107)=-3.39, p<.001, R2=.10; Figure 1C). For severity of stress
experienced in later childhood, there was no significant association between stress severity and HV
(left: =-.10, t(158)=-1.21, p=.229, R2=.01; right: =-.01, t(170)=-0.11, p=.922, R2<.001; Figures 1B
and 1D). Sex did not moderate these associations, and the quadratic term for stress severity did not
significantly improve model fit.
To further clarify the specific effect of stress severity in early childhood, we conducted an

additional regression analysis for the subset of participants who reported stressors in both age
periods (n=109) in which we regressed HV on early childhood stress severity when controlling for
later childhood stress severity. For left HV, stress severity in early childhood remained a significant
predictor above and beyond later childhood stress severity (=-.26, t(99)=-2.59, p=.011, R2=.06,
p=.011; Full model: F(2,99)=4.71, p=.011); stress severity in later childhood did not significantly
predict HV (=-.10, t(99)=-1.00, p=.320, R2=.01, p=.320). Similarly, for right HV, stress severity in
early childhood was a significant predictor above and beyond later childhood stress severity (=-.33,
t(103)=-3.37, p=.001, R2=.10, p<.001; Full model: F(2,103)=5.74, p=.004); stress severity in later
childhood did not significantly predict HV (=.05, t(103)=-0.55, p=.581, R2=.003, p=.581). To
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difference between two dependent correlations with one variable in common (I. A. Lee & Preacher,
2013) using Fisher's r-to-z transformation in all participants; this analysis yielded a statistically
significant difference in the correlations between stress severity during early and later childhood
with right HV (z=-2.68, p=.007); this difference did not reach statistically significance for left HV (z=1.59, p=.112).

Considering different indices of stress
In our approach we used the severity ratings based on the stressful event rated as most

severe, but this is only one way to assess experiences of stress dimensionally. We used this approach
because summed counts of events do not take into account the severity of the events. Severity of
lifetime stress remained a significant predictor even after including the number of stressors reported
in the child’s life (left: =-.22, t(160)=-2.32, p=.021, R2=.03; Full model: F(2,160)=3.15, p=.045; right:

=-.20, t(172)=-2.12, p=.035, R2=.03; Full model: F(2,172)=2.54, p=.082). For stress in early life, we
also found that severity of stress during this period remained a significant predictor even after
including the number of stressors reported through age 5 years (left: =-.37, t(102)=-3.41, p<.001,
R2=.10; Full model: F(2,102)=5.82, p=.004; right: =-.40, t(106)=-3.72, p<.001, R2=.12; Full model:
F(2,106)=7.02, p<.001).
Further, we should point out that we used severity of the most severe stressful event over

an approach in which a sum of severity ratings is computed across different types of events (King et
al., 2016). We made this choice largely because using cumulative severity ratings can result in
participants who experienced either several relatively low-level stressful events or a single very
severe stressful event receiving the same score. The severity of the most severe lifetime stressful
event was no longer a significant predictor of HV when including cumulative lifetime stress severity
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as a covariate (left: =-.20, t(160)=-1.64, p=.104, R2=.02; Full model: F(2,160)=2.95, p=.055; right:
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=-.19, t(172)=-1.61, p=.108, R2=.02; Full model: F(2,172)=2.37, p=.096). However, the severity of
the most severe stressful event in early life remained a significant predictor when including the
cumulative severity of stressful events reported through age 5 years as a covariate (left: =-.35,
t(102)=-2.30, p=.024, R2=.05; Full model: F(2,102)=4.46, p=.014; right: =-.44, t(106)=-2.76, p=.007,
R2=.06; Full model: F(2,106)=6.10, p=.003).
Given that family financial problems (see Supplemental Table 1) was a stressor type that is

included in the stress interview, we did not consider current family income as a predictor. We did,
however, examine whether current income-to-needs ratio was associated with experiences of stress
in early life. Children who had experienced a stressor before age 6 years had, on average, a lower
current income-to-needs ratio scores than did children who did not experience a stressor prior to
age 6 years (t(145.45)=3.20, d=0.51, p=.002).

Discussion
In the present study we provide evidence of a sensitive period for the effect of stress

severity on HV in a sample of 178 early adolescents. Our approach indicated that HV varied as a
function of naturally occurring variation in severity of ELS, over and above metrics assessing simple
count of stressful experiences or cumulative exposure to stress. Although severity of stress across
the child’s lifetime was associated with HV, this relation was driven by the severity of stress in early
life (birth through age 5 years) rather than in later childhood. Specifically, whereas stress severity in
early childhood was negatively associated with bilateral HV, there was no such association for stress
severity experienced in later childhood. Further, cumulative stress, as quantified by the total number
of stressful experiences reported and the cumulative objective severity of these experiences, did not
explain the unique effect the most severe stressful experience in early life on HV. While we observed
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a small effect size for the association between severity of lifetime stress and HV, we observed a

Accepted Article

medium effect size for the association between stress severity in early life and HV (Cohen, 1992).
Our findings have important clinical implications given that smaller HV has been prospectively linked
to a number of outcomes, including vulnerability to psychopathology following trauma (Gilbertson et
al., 2002), poorer antidepressant treatment response (Colle et al., 2016), and memory deficits
(Zheng et al., 2017).
While many studies have documented an association between life stress and HV (Hanson et

al., 2015; Hodel et al., 2015; Zimmerman et al., 2016), not all have (Frodl et al., 2017; Mehta et al.,
2009; Sheridan et al., 2012; Tottenham et al., 2010), and among those that have reported a
significant association there is variability in the magnitude of the effect size. Discrepancies in past
research may be due in part to the timing of the stressors assessed. Investigators who consider
timing in relation to environmental experiences on HV, rather than simple group or count-based
approaches to ELS, have reported results consistent with the current findings. For example, early
caregiving quality in the form of maternal support was found to predict both absolute HV (Luby et
al., 2012) and increased growth of the hippocampus (Luby et al., 2016). Taken together with findings
from the present study, and early work in this area (Andersen et al., 2008), there is growing evidence
that there is a sensitive period in the first years of life for the effects of stress on hippocampal
development. An alternative explanation, however, is that the impact of early stress on the observed
outcomes in early adolescence may be a function of a longer developmental timescale, as the effects
of stress more proximal to the age at assessment may require more time to have observable effects.
In addition to the age at which stressful events occurred, the age at which HV is assessed is

also relevant; researchers have posited that the impact of ELS on the hippocampus is not evident
until adolescence or adulthood (Andersen & Teicher, 2004; Carrion, Weems, & Reiss, 2007; Lupien et
al., 2011; Tottenham & Sheridan, 2009). These formulations are based, in part, on findings that
smaller HV has been found in adults, but not in children, with post-traumatic stress disorder (Woon
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& Hedges, 2008). The present study provides evidence of ELS-associated differences in HV in early
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adolescence; it is possible, of course, that later developmental periods are also relevant for the
effects of ELS on HV. For example, in their small study of childhood sexual assault survivors,
Andersen et al. (2008) identified the adolescent period as a time of vulnerability for the effects of
ELS on HV. The hippocampus changes throughout adolescence (Bramen et al., 2011; Goddings et al.,
2014; Satterthwaite et al., 2014). Many researchers have suggested that adolescence, and in
particular, the transition through puberty, is a sensitive period in development (Blakemore, Burnett,
& Dahl, 2010; Fuhrmann, Knoll, & Blakemore, 2015; Teicher, 2008). Because adolescence is also a
time of heightened risk for many forms of psychopathology (F. S. Lee et al., 2014), it is a critically
important developmental period during which to study the neurobiological underpinnings of
maladaptive cognitions and behaviors. Certainly, further longitudinal research is required to
understand precisely how early stress may influence HV across adolescence. Further, variations in
HV set in motion in early life may not have behavioral implications until later in development, and
later events may lead to brain alterations in regions and functional networks outside of the
hippocampus. Thus, the present results should not be taken to indicate that only events early in life
are meaningful. Prospective studies with repeated assessments of stress, HV, and behavior are
needed to examine possible bidirectional influences and consequences of stress.
Recruiting and assessing a community sample of adolescents with a range of severity of

stressful experiences, rather than including only children with and without severe stress, allowed us
to examine the sensitivity of the hippocampus to stressful events occurring in the normative, or
typical, range. Our method for measuring stress was important for our ability to identify a link
between experiences of stress in early life and HV. We conducted supplemental analyses using an
index of cumulative stress through early life, as well as a count of stressful events, as covariates in
models with the severity of the more severe stressor reported. These analyses support the theory
that the most severe stressor is the likely consequential for HV. There are, however, alternative
approaches that may be useful. In contrast to the present findings, Hanson et al. (2015) found that
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panel-rated cumulative stress severity predicted smaller HV. In addition, perceived stress may also
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be a useful indicator in stress measurement for HV (Zimmerman et al., 2016). It is worth noting that
the events reported (see Supplemental Table 1) vary in their chronicity and duration – two factors
not explicitly examined here given the sample size. As a field, we do not yet agree on the specific
aspects of stress that are most important; it is likely that different ways of categorizing and
quantifying stressful experiences will be differentially impactful depending on the outcome
examined. The present findings support our hypothesis that stressors in early life have a greater
impact on HV than do stressors in later childhood; however, we cannot determine precisely why this
may be the case. There are three explanations that may account for this association. First, the
hippocampus may be more stress sensitive earlier in development. Second, the types and severity of
stressors in early life may differ from those experienced in later life (as seen in Supplemental Table
1). And third, even stressors of the same type and perceived severity may be experienced differently
as a function of the child’s cognitive maturity (Masten & Narayan, 2012).
There is increasing interest in understanding the role that income or socioeconomic status

may play in child development. Current theories propose that the mechanisms by which SES affects
child outcomes include both increased exposure to stress and reduced resources (Duncan,
Magnuson, & Votruba-drzal, 2017). We explicitly included stressful events that stemmed from family
financial problems; this item was included in the original stress interview assessment. Given that
there may be unique neurobiological correlates of threat in comparison to deprivation (McLaughlin,
Sheridan, & Lambert, 2014; Sheridan & McLaughlin, 2014), we expect that any link between SES and
HV may be due to the increased stress associated with poverty (as opposed to non-stress related
correlates of poverty posited to affect other brain regions). Our finding that children who
experienced stress in early life had a lower current income-to-needs ratio than did children who
reported no stress during this age period highlights that stress is not randomly distributed. While in
practice it is difficult to disentangle the mechanisms responsible for increased negative outcomes
associated with children from lower SES families, increased stress and fewer financial resources are
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likely to be have unique associations with negative outcomes (Farah et al., 2008; Humphreys &

Accepted Article

Zeanah, 2015).
In closing, we should note four limitations of this study. First, although our assessments of

ELS were conducted in early adolescence, they are nevertheless retrospective in nature and were
divided into two main age groupings on the basis of self-reported age of stress onset. Possible biases
in memory, as well as infantile amnesia, may lead to reports that deviate from actual experiences.
Nevertheless, the magnitude of the correlation between parent and child reports of the number of
stressful experiences in early life lends credibility to these self reports. Informant agreement is
generally low (De Los Reyes & Kazdin, 2005), and the moderate positive effect size may be larger
than expected based on similar work (Dohrenwend, 2006). Further, biases in memory themselves
may be related to HV; given the correlational nature of this study, we cannot rule out the possibility
that individuals who grow up with small HV could interpret various situations as being more or less
stressful than do individuals with larger HV. Although the use of objective severity ratings rather
than subjective responses mitigates some of this concern, it is nevertheless likely that some events
were not reported and, therefore, could not be considered in our ratings of stress severity. Similarly,
experiences of stress are cumulative, if not correlated, across the lifespan: individuals who
experience high levels of ELS in their first years of life are likely to experience higher levels of stress
over subsequent years. Our approach did not separate repeated or chronic stress from the age at
which the first stress occurred; however, given that stress severity in early childhood remained
significant after accounting for both number of stressful experiences reported and severity of stress
in later childhood, it is likely that earlier rather than repeated or later stress is most influential.
Further, researchers in the field of infant mental health typically consider birth to age 5 years as
“early life” (Zero to Three, 2016), but because development is continuous, there is more similarity
between 5- and 6-year-olds than between 1- and 5-year-olds.

This article is protected by copyright. All rights reserved.

Second, as we alluded to above, important changes in hippocampal development occur
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during adolescence, and longitudinal research is needed to determine whether the observed effects
are long-lasting, are mutable by experiences, and what, if any, implications there are of reduced HV.
Third, we focused on the hippocampus as an a priori region of interest. Notably, analyses examining
the effects of stress severity on the thalamus, a region considered to be less stress sensitive than is
the hippocampus, did not yield any significant associations, supporting the hypothesis that the
hippocampus is more stress sensitive than are other brain regions. In this context, the hippocampus
is one of several brain regions posited to be altered by stress exposure (Teicher, 2008) and, even
within the hippocampus, there is heterogeneity in terms of subfield differences in maturation and
normative age-related change (Gogtay et al., 2006). Examining hippocampal subfields is an
important next step; one study in adults found that perceived stress, measured dimensionally, was
most strongly associated with CA2/CA3 and CA/dentate gyrus (Zimmerman et al., 2016). In addition,
we used automated processes to segment the hippocampus, which may have led to inaccuracies,
although researchers have documented comparability of manual and automated segmentation
(Morey et al., 2009; Suh, Wang, Das, Avants, & Yushkevich, 2011). Finally, this community sample
was relatively high-income; therefore, our findings should be replicated in more economically
diverse samples.
Despite these limitations, the present study is important in documenting that the severity of

stressful experiences in early life is associated with smaller bilateral HV in early adolescence.
Importantly, no such association was found for the severity of stress occurring later in childhood,
suggesting that there is a sensitive period for the effects of stress on hippocampal development.
These findings add to a growing body of research underscoring the importance of early life
experiences in influencing the course of brain development. Future work will benefit from examining
prospective associations and the effects of stress during adolescence (and across the pubertal
transition) to identify long-term changes and potential targets for intervention. Finally, extending
this line of work to examine potential of HV in predicting the functional outcomes in childhood and
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adolescence remains an important step in identifying mechanisms by which early adversity affects
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later health outcomes.
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Figure 1 caption. Left hippocampal volume by stress severity in early childhood (A) and later
childhood (B). Right hippocampal volume by stress severity in early childhood (C) and later childhood
(D).
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Table 1. Descriptive Statistics for the Sample.

Age
Sex (% Male)
Race/Ethnicity

Full Sample
(n=178)
11.39 (1.04)
43%
49% Caucasian
23% Mixed/Other
13% Asian
8% Hispanic
7% African American

Household Incomea

1% Less than $5,000
2% $5,001-$10,000
1% $10,001-$15,000
4% $15,001-$25,000
2% $25,001-$35,000
6% $35,001-$50,000
9% $50,001-$75,000
12% $75,000-$100,000
27% $100,001-$150,000
37% $150,000 or greater
Income-to-needsa
1.29 (0.55)
Average Tanner Stage
2.04 (0.74)
Number of Stress Events
4.75 (3.28)
Lifetime Stress Severity
1.59 (0.78)
Stress Severity Ages 0-5 Yearsb
1.42 (0.96)
b
Stress Severity Age 6 Years and Older
1.33 (0.70)
Left Hippocampal Volume (mm3)
4256.80 (433.02)
Right Hippocampal Volume (mm3)
4226.50 (419.80)
Notes. Mean (SD). aAvailable for 169. bFor those with a stressful event occurring during this age
period.
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