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Abstract

Considerable work indicates that early cumulative risk exposure is aversive to human
development, but very little research has examined neurological underpinnings of these robust
findings. We investigated amygdala volume and reactivity to facial stimuli among adults (M = 23.7
years, n = 54) as a function of cumulative risk exposure during childhood (ages 9 and 13). In
addition, we tested whether expected, cumulative risk elevations in amygdala volume would
mediate functional reactivity of the amygdala during socio-emotional processing. Risks included
substandard housing quality, noise, crowding, family turmoil, child separation from family, and
violence. Total and left hemisphere adult amygdala volumes, respectively were positively related
to cumulative risk exposure during childhood. The links between childhood cumulative risk
exposure and elevated amygdala responses to emotionally neutral facial stimuli in adulthood were
mediated by the respective amygdala volumes. Cumulative risk exposure in later adolescence (17
years), however, was unrelated to subsequent, adult amygdala volume or function. Physical and
socioemotional risk exposures early in life appear to alter amygdala development, rendering adults
more reactive to ambiguous stimuli such as neutral faces. These stress-related differences in
childhood amygdala development might contribute to well-documented psychological distress as a
function of early risk exposure.
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Brain development is sensitive to chronic stress, but most of this work has focused on the
hippocampus (Lupien, McEwen, Gunnar & Heim, 2009; McEwen & Gianaros, 2010;
Tottenham & Sheridan, 2010), with much less work examining amygdala volume or
function. The amygdala is a key brain structure in responses to emotionally salient situations
such as threat or ambiguity. The amygdala rapidly responds to environmental demands by
triggering a sequence of physiological stress responses including sympathetic adrenal
medullary excitation followed by increased hypothalamic pituitary adrenal cortical axis
activity (McEwen & Gianaros, 2010; Tottenham & Sheridan, 2010). A small number of
animal experiments indicate chronic stress enhances dendritic spine density in basolateral
amygdala cells in rodents (Bennur et al., 2007; Vyas, Bernal & Chattarji, 2003; Vyas, Pillai
& Chattarji, 2004) and amygdala volume in non-human primates with early life stress and
short allelic variant of the serotonin transporter gene (Coplan et al., 2014). In concert, human
research reveals that children of depressed mothers have larger amygdala volumes when
examined at ten years of age (Lupien et al., 2011). Furthermore, prolonged institutional
rearing of orphaned children is associated with larger amygdala volumes measured years
after institutionalization (Mehta et al., 2009; Tottenham et al., 2010). Hanson and colleagues
(2015) however found an inverse association between retrospectively reported stressful life
events and amygdala volume among a sample of 12 year olds. Studies of adult PTSD
patients find heterogeneity in amygdala volume magnitude with no effects, reduced, and
enlarged amygdala volumes among adult PTSD patients relative to controls (Karl et al.,
2006). Complexities of PTSD diagnosis and variation in etiology may account for this
heterogeneity in PTSD and amygdala volume. Summarizing, animal work demonstrates
amygdala hypertrophy with elevated chronic stress; whereas human investigations reveal
mixed brain imaging findings on chronic stress and amygdala volume. There is some
evidence that developmental timing of risk exposure is important with earlier rather than
later stress exposure more consequential for amygdala development (Cohen et al., 2010;
Kim et al., 2013; Shonkoff et al., 2009; Sripada et al., 2014). In the current study, we
evaluate the hypothesis that elevated cumulative risk exposure early in life will be
prospectively associated with increased adult amygdala volume.

In addition to the research on chronic stress and amygdala structure, animal studies
(Roozendall, McEwen & Chattarji, 2009) as well as investigations of human trauma victims
(Shinn, Rauch & Pitman, 2006) reveal greater amygdala reactivity among organisms in
relation to chronic stress exposure and for adolescents exposed to a family history of
depression and stressful life events (Swartz et al., 2015a). Moreover these relations also
appear to be sensitive to developmental timing with earlier relative to later in life stress more
effective in altering amygdala functioning (Tottenham & Sheridan, 2010; Nelson &
Sheridan, 2011). There is also evidence that early institutionalization (i.e. maternal
deprivation) alters connectivity between the prefrontal cortex (pfc) and the amygdala,
accelerating the normal maturational pattern of pfc — amgydala connectivity (Gee et al.,
2013). We therefore examined amygdala reactivity herein using salient faces vs. shapes
including various emotional expressions and without any emotion regulation instructions. In
this context, a number of studies have found (Sommerville et al., 2004; Whalen, 1998;
Zaretsky et al., 2010) that the amygdala is particularly responsive to ambiguous rather than
to overtly negative stimuli. Interestingly, parallel arguments have been made regarding the
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effect of socioeconomic status (SES) on physiologic responses to interpersonal interactions
in adolescents. These SES physiologic effects were only evident with neutral interpersonal
interactions (Chen, Langer, Ralphaelson & Matthews, 2004; Chen & Matthews, 2001;
2003). If as suggested the amygdala is particularly attuned to ambiguity and uncertainty
because of the organism's need to interpret and make sense of its surroundings, presenting
the amygdala with neutral rather than overtly angry faces ought to constitute a more
sensitive task with respect to cumulative risk exposure. We thus examined our subject's
responses to both neutral as well as overtly negative and positive facial expressions.

Summarising, we extend research on trauma and stress-related amygdala hyper-reactivity to
human facial stimuli and examine whether hypothesized, stress-related volumetric changes
in the amygdala also predict alterations in amygdala functioning. We operationalize chronic
exposure to stressors with an index of cumulative risk exposure that encompasses multiple
physical (e.g., substandard housing) and psychosocial (e.g., violence) stressors during
childhood. A large and robust literature documents that cumulative risk adversely affects
child development more than singular risk exposure (Evans, Li & Whipple, 2013;
Obradovic, Shaffer & Masten, 2012; Pressman, Klebanov & Brooks-Gunn, 2012; Sameroff,
2006). We also examine developmental timing of cumulative risk exposure and alterations in
amygdala structure and function. Given prior work we hypothesized that childhood
cumulative risk exposure we would be more consequential than later exposure in early
adulthood.

Method

Participants

Fifty four adults (M= 23.7, SD = 1.5 years, 54 % male) were drawn based on convenience
and childhood poverty status from a parent sample of 341 individuals who were part of a
longitudinal cohort that have been monitored since childhood (Evans, 2003). Approximately
half of the sample grew up in low-income households and half were from middle-income
backgrounds. The mean income-to-needs ratio of the sample was 3.1. All participants had no
MRI contraindications (e.g., metallic/ferrous materials in their body), no prior or current
diagnosis for any psychiatric disorder (clinician-conducted psychiatric evaluation based on
the Structured Clinical Interview for DSM-IV), and no current neurological condition. The
neuroimaging subsample closely resembles the parent subject cohort in age, M= 23.5 years,
gender = 51% and income = 2.9 income-to-needs ratio. One of the 54 participants could not
tolerate the scanner, and one additional participant had excessive movement during the fMRI
protocol.

Procedures

Atages 9, 13, and 17, each participant and their mother were independently interviewed in
their home as part of a protocol assessing cumulative risk exposure, poverty, and
socioemotional development in a sample of low- and middle-income children in rural areas
of the Northeast United States.
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Cumulative risk exposure—Exposure to six (three psychosocial and three physical)
environmental risk factors was assessed at each wave of data collection. Crowding was
measured as people/room in the residence. Noise was assessed by a 2 hour monitoring of
decibel levels (Leq) in the primary social space in the home. Housing quality was measured
by trained raters conducting a walk-through with a standardized checklist that includes
structural defects, poor maintenance, clutter and cleanliness, physical hazards, and climatic
deficiencies (Evans, Wells, Chan & Saltzman, 2000). At the first wave (age 9), exposure to
three psychosocial risk factors (violence, family turmoil, child separation from parents) was
assessed from the mother by reports on the Life Events and Circumstances (LEC) checklist
(Work, Cowen, Parker & Wyman, 1990; Wyman, Cowen, Work & Parker, 1991). The LEC
consists of multiple dichotomous (yes/no) item subscales for each of these risk domains.
Example items from each domain include “Our neighborhood has been unsafe”; “Our child
has been involved in serious family arguments™; “A close family member was away from
home a lot”. At waves 2 and 3 (ages 13 and 17, respectively) the mother again completed the
LEC, and the youth also indicated the occurrence of exposure to risks based upon multiple
items with the Adolescent Perceived Events Scale (Compas, 1997). Sample items from each
domain include “Other kids picked on you, made fun of you, bullied you”; “Pretty serious
arguments or fights between parents”; “Parents got divorced/separated”. If either the mother
or the youth indicated exposure to a particular item it was counted, but if both indicated
exposure, it was only counted once.

For each of these six risk domains, risk exposure was defined dichotomously (0|1) based
upon a statistical criterion with 1 equal to a value in the top quartile across the entire sample
of children from the original data set at each wave of data collection. A value of 0 was
assigned to levels of exposure less than the cutoff. Table 1 shows the mean, range, SD and
upper quartile cutoff value for each of the risk components from the original sample used to
calculate cumulative risk exposure herein. Thus the cumulative risk index could vary from
0-6 for each wave of data collection. A large body of research indicates that this additive
summation of exposure to multiple risk factors is consistently and strongly related to adverse
child and adolescent cognitive and socioemotional outcomes (Evans et al., 2013; Obradovic
etal., 2012; Pressman et al., 2012; Sameroff, 2006). The additive model is also consistently
superior to use of summary metrics that maintain the continuous values of each risk factor.
See Evans et al. (2013) for a detailed discussion of the reasons for the use of such an
additive model to represent cumulative risk exposure.

We used the mean of cumulative risk from the two earliest assessments (9 and 13 years)
because models with measures of chronic compared to point estimates of childhood stressor
exposure predict health better (Miller, Chen & Parker, 2011). We also reasoned that
childhood risk exposure assessments would be more salient to brain development than later
risk exposure estimates (McEwen & Gianaros, 2010; Lupien et al., 2009; Shonkoff, Boyce
& McEwen, 2009). The 9 and 13 year assessments were also more similar and highly
correlated (r= .81 for Waves 1 and 2) to each other than to later time points. Wave 3
cumulative risk (age 17) was correlated .39 and .49 with Wave 1 and 2, respectively. The
mean and (standard deviation) cumulative risk exposures for each of Waves 1, 2 and 3 were
1.50 (1.39), 1.43 (1.41) and 1.66 (1.35), respectively.
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MR Imaging acquisition and data analysis—Structural MR imaging (SMRI) scans
were collected on a 3.0 T Philips scanner (VA Ann Arbor fMRI Center). After the
participant was positioned in the scanner, a high- quality T1-weighted structural image
(SMRI) was obtained using a 3D T1 Turbo field -echo (T1-TFE) pulse sequence (TR: 9.8ms,
TE: 4.60 ms., TI: 3000 ms., FA: 8°, FOV: 256 mm, matrix = 256x256, resolution 1 mm;
slice thickness = 1 mm3, 180 sagittal slices whole brain). An 8-channel SENSE head coil
was used. Similar protocols have been used in previous structural neuroimaging studies
(Wang et al., 2010a, b). Functional data were acquired (T2* - weighted EPI, TR: 2000 ms.,
TE: 30 ms., FA: 90°, FOV: 220 mm, matrix size 64 x 64 x 42 axial slices, voxels: 3.44 x
3.44 x 2.80 mm).

Automated brain structural measurements were made on sMRI images with Freesurfer
programs (version 5.1) (http://www.surfer.nmr.mgh.harvard.edu/fswiki) on a Linux
workstation (Fischl, 2012). The automated procedure for volumetric measures of subcortical
brain regions has been described in detail in previous studies (Fischl et al., 2002; Han &
Fischl, 2007). Structural analyses involved preprocessing T1- weighted MRI data, including
motion correction, transformation to Talairach space, intensity normalization, and skull
stripping. The whole brain segmentation is based on the intensity gradients of signals to
distinguish grey matter and white matter and cerebrospinal fluid. Segmentation of
subcortical structures is based on a probabilistic atlas provided by Freesurfer. The atlas was
created by the Center for Morphometric Analysis http://www.cma.mgh.harvard.edu/) from
20 unrelated, randomly selected healthy people. The automated measures of amygdala
volume by Freesurfer are highly correlated with the results of hand tracing of these brain
structures, and are sensitive to changes (Frischl et al., 2002; Han & Fischl, 2007). For
example, to detect 10% difference in amygdala volume requires only 23 participants per
group (Morey et al., 2009). This approach is increasingly used in psychological studies
(Inano et al., 2013, Morey et al., 2012; Levy-Gigi, Szabo, Kelemen & Keri, 2013). In this
study, we used Freesurfer software to automatically segment bilateral amygdala and
measured volume of each respective bilateral structure as well as the total gray matter
volume. The amygdala segmentation was visually inspected slice-by-slice, and all
segmentation passed manual inspection without manual correction. The manual inspection
was done blind to group status, i.e., the inspector had no knowledge of any other aspects of
the study. Research has evaluated variation of Freesurfer automated measures (Wang et al.,
2010b) and manual inspection with correction enhances accuracy (Dewey et al., 2010).

To examine the relations between amygdala volume and function, we used a well validated
and reliable protocol that robustly engages the amygdala (Hariri et al., 2002). The complete
account of the functional activation experiment is reported elsewhere (Javanbakht, King,
Evans, Swain, Angstadt, Phan, & Liberzon, 2015). Briefly, the Emotional Faces Assessment
Task (EFAT) depicts trios of equal numbers of male and female faces expressing angry,
fearful, happy, or neutral emotions selected from a validated emotion stimulus set (Gur et al.,
2002). The participant's task is to match one of two target faces on the bottom row with the
target face on the top row by pressing the left or right response button with their dominant
hand. Three, 20 sec blocks of each target facial expression are presented with no target
stimulus repeated within or between a set of 24 blocks. Each block contains four sequential
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matching trials, at 5 sec per trial. In order to maintain attention and allow amygdala activity
to return to baseline, the emotional faces blocks are interspersed with baseline stimuli
consisting of trios of geometric shapes.

Functional MRI data were analyzed using the statistical parametric mapping software
package, SPM8 (2013). Functional volumes were realigned to correct for head motion,
spatially normalized to a standard template based upon the Montreal Neurological Institute
(MNI) reference brain, and spatially smoothed using an 8-mm FWHM Gaussian kernel. To
control for noise due to head motion, six motion parameters and first derivatives of motion
parameters were used as nuisance covariates. One participant had movement parameters
greater than 3mm and was excluded. In order to conduct a planned analysis examining the
connection between the structural change and BOLD reactivity in the amygdala, we
examined contrasts of neutral faces and faces bearing emotional expressions to the shapes
condition. As we have previously reported (Javanbakht et al., 2015), all of the face probes
generated robust bilateral amygdala responses; the neutral faces had bilateral amygdala
responses with whole-brain FWE corrected p < .001. For assessment of functional activity of
amygdala in the mediation analyses, we extracted the neutral > shapes contrasts using
functionally-defined 5 mm spherical ROIs. As recommended by Friston and colleagues
(2006), to reduce bias the functional ROIs were derived from a separate contrast of all face
types > shapes, which produced peaks of left amygdala (-21, - 7, -17) and right amygdala
(24, -4, -17). Amygdala activations in the all faces > shapes and neutral faces > shapes
contrasts are shown in Figure 1, with position of the 5 mm ROI shown as a yellow circle.
The functional ROIs were extracted for mediational analyses as described in the Results
below.

Adults with greater cumulative risk exposure during childhood had larger amygdala
volumes. Adults’ total, left, and right amygdala volumes, respectively were regressed onto
cumulative risk exposure. Figure 2 depicts the data for total amygdala volume, /2 = .11, p
< .01. The results were similar for the left, /2 = .11, p< .01 and right, /2 = .07, p< .05
amygdala volumes, respectively. To gain some sense of the magnitude of the effect,
individuals in the highest quartile of cumulative risk exposure had a total amygdala volume
7% larger than those in the lowest quartile of cumualtive risk exposure. Inclusion of
statistical covariates for total gray matter volume, gender, age, age of puberty, or income at
any wave of data collection, did not alter the results for the total amygdala or left hemisphere
volume. However, right amygdala volume was no longer significant when total gray matter
volume was included as a covariate. None of the other covariates affected the amygdala
results.

We also analyzed the relation between cumulative risk and amygdala functional responses to
emotional stimuli using the EFAT protocol. As we have previously reported, all of the face
conditions robustly activated the amygdala (cluster FWE error corrected p < .001). Accuracy
on the face matching task was high (>70% face all face types) and was not related to
cumulative risk or other income-related variables. For complete presentation of the
functional data from the emotional faces protocol, readers are referred to Javanbakht et al.
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(2015). As can be seen in Figure 3, cumulative risk is related to total amygdala reactivity
only for neutral emotional stimuli, /2 = .08, p< 05. The results for the left, 72 =.09, p< .05
and right, /2 = .07, p< .05 hemispheres were similar. There was no relation between
amygdala reactivity to emotional faces and cumulative risk exposure.

In order to explore the developmental course of cumulative risk exposure, we examined
amygdala volume and function with cumulative risk exposures at ages 9, 13, and 17
separately. Only exposures at ages 9 and 13 plus the combined effect of the two earliest
cumulative risk assessments were significant. Cumulative risk exposure during early
childhood but not by age 17 predicted subsequent enlargement of the adult amygdala as well
as reactivity to emotionally neutral stimuli. The mean of the two earlier cumulative risk
exposures was more strongly tied to amygdala function likely because it better represents
chronic, childhood exposure to cumulative risk than either point estimate.

Finally, we tested our hypothesis that the significant associations uncovered between
childhood cumulative risk exposure and amygdala functioning could be explained, at least in
part, by increased amygdala volume. Bootstrapping techniques within ordinary least squares
(OLYS) regression with robust standard errors terms were used to test the mediational
hypothesis: cumulative risk — amygdala volume — amygdala reactivity function (Preacher
& Hayes, 2008). For total amygdala and left amygdala functioning, we found significant
indirect effects, suggesting that one reason why childhood cumulative risk exposure is
associated with elevated amygdala activity to emotionally neutral stimuli is because of
increased amygdala volume. The significant relation between childhood cumulative risk
exposure and total amygdala functioning, 6 =.17(SE = .08), was reduced by a statistically
significant 41% with the inclusion of the indirect effect of amygdala Volume in the
regression equation (6= .01 - .17, 95% confidence interval (Cl)). For the left amygdala the
same pattern was uncovered, = .10 (SE = .04), 44% reduction (6= .01 - .10, 95% CI). For
the right amygdala the indirect pathway was marginally significant, 6= .08 (.05) with a 25%
reduction with the inclusion of amygdala Volume in the regression equation, (6=-.00 - .07,
95% ClI).

As a partial assessment of the sensitivity and robustness of our mediational findings, we
reversed the order of inclusion of the hypothesized medatior (amygdala volume) and the
outcome variable (amygdala function) in the regression equations. If one or more
unobserved variables were driving the mediational results, then reversing the order of
inclusion of these two terms in the regression equation would not change the results.
However when the reverse mediational tests were conducted, cumulative risk exposure
remained a significant predictor of amygdala volume when amygdala function was tested as
the putative mediator. As an additional test of the sensitivity of our findings, we also
examined the additivity assumption in the cumulative risk metric. The typical cumulative
risk metric, as used herein, is an additive function, thus precluding interactive effects among
the risk factors. However considerable empirical research shows that this additive,
parsimonious model performs better than various alternatives metrics for multiple stressor
exposure (Evans et al., 2013; Obradovic et al., 2012; Pressman et al., 2012; Sameroff, 2006).
Combination of multiple continuous variables rarely perform as well as the additive model
because the latter does not depend upon the degree of intercorrelation of the specific,
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singular risk factors. For example in the present case, the correlation between the additive
cumulative risk index and total amygdala volume is r=.33. The correlation for the
summated continuous variables and total amygdala volume is r=.19.

There are two lines of evidence on the additivity assumption inherent in the typical
cumulative risk construction that can be tested. Using the parent data set from which this
subsample was derived, we examined with OLS regression whether there was any evidence
of a nonlinear function between cumulative risk and several behavioral (e.g., internalizing,
externalizing symptoms) and physiological (e.g., allostatic load) outcomes. There was none.
Second, for the present subsample data, in addition to regressing amygdala volume and
function on to cumulative risk, we examined the functions for each singular risk factor. None
of the singular risk factors constituting the cumulative risk metric (crowding, noise, housing
quality, family turmoil, violence, separation from family) were significantly related to
amygdala volume or function. Both of these results fit well with the more general
cumulative risk literature, demonstrating that the cumulative risk metric tends to be additive
in structure and outperforms singular risk exposure measurements (Evans et al., 2013;
Obradovic et al., 2012; Pressman et al., 2012; Sameroff, 2006).

Discussion

Cumulative risk exposure during childhood was associated prospectively with bilateral
amygdala volume in young adults. This is in accord with experimental animal studies
indicating that elevated chronic stress causes amygdala enlargement. Both volumetric
assessments as well as histological investigations of neuronal development show these trends
in animal models (McEwen & Gianaros, 2010; Tottenham & Sheridan, 2010). Although the
MRI volumetric data are less definitive in the human literature, retrospective examinations
of trauma victims report a positive relation between chronic stress and amygdala volume
(Lupien et al., 2009; McEwen & Gianaros, 2010; Tottenham & Sheridan, 2010). The present
study makes four contributions to research on stress and the human amygdala. One, to our
knowledge this is the first prospective examination of chronic stressor exposure during
childhood in relation to both volumetric and functional assessments of the amygdala. The
prospective assessment is important for analytic reasons and because it enables us to begin
to examine the developmental course of childhood risk exposure and human brain
development among a non- clinical sample. Two, we shed some light on the developmental
timing of cumulative risk exposure and brain development. Our analyses suggest that
cumulative risk exposure during childhood but not subsequent cumulative risk exposure in
early adulthood is related to amygdala volume and function. This pattern of developmental
timing of risk exposure and amygdala volume matches animal work indicating heightened
sensitivity of the amygdala during early relative to later stress exposure (Nelson & Sheridan,
2011; Tottenham & Sheridan, 2010). Furthermore it also fits with numerous studies showing
that risk exposure during early childhood is related to behavioral conduct disorders, mood
disorders (depression and anxiety), and greater physiological stress reactivity (Repetti,
Taylor & Seeman, 2012). Three, the data supplement the voluminous behavioral literature on
cumulative risk and human behavior (Evans et al., 2013; Obradovic et al., 2012; Pressman et
al., 2012; Sameroff, 2006) with brain physiology. Little work to date has explored
cumulative risk exposure and neuronal development. Four, we provide unique evidence that
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the relation between childhood cumulative risk exposure and adult amygdala reactivity to
facial stimuli may be accounted for, in part, by elevated amygdala volume.

The finding that amygdala reactivity to neutral but not emotionally expressive faces was
sensitive to childhood risk exposure is consistent with some recent research on SES and
emotion. Although the present study focuses on cumulative risk exposure and amygdala
structure and function, work on SES and the amygdala is potentially illuminating given the
overlap between poverty and cumulative risk exposure (Evans, 2004; Evans & Kim, 2010).
In a series of studies examining cardiovascular responses to neutral and clearly hostile,
threatening interpersonal interactions, Chen found that lower SES adolescents manifested
elevated physiological stress responses but only to neutral interpersonal interactions (Chen,
Langer, Ralphaelson & Matthews, 2004; Chen & Matthews, 2001; 2003). Negatively
charged encounters were uniformly more stressful irrespective of socioeconomic status. On
the other hand, adults who retrospectively reported growing up either in households of
lower, relative social status (Gianaros et al., 2008) or who retrospectively recalled higher risk
exposures during childhood (Taylor et al., 2008) had greater amygdala reactivity to
emotionally expressive but not to neutral faces. Some work suggests that rather than
emotional salience per se, the amygdala is particularly attuned to ambiguity and uncertainty
because of the organism's need to interpret and make sense of its surroundings. Recent
experiments using computer morphed faces ranging from highly fearful to neutral emotional
expression reveal that more ambiguous facial stimuli consistently evoke greater amygdala
responses (Zaretsky, Mendelsohn, Mint & Hendler, 2010). Consistent with this idea, hyper-
reactivity to neutral facial stimuli was reported in two groups of children with different
psychiatric disorders. Amygdala hyperactivity was found among children with ADHD
(Brotman et al. 2010) and among child with Bipolar disorder (Rich et al. 2006) wherein
neutral faces were also perceived with more hostility and fear by children with psychiatric
diagnoses than control subjects.

One possible explanation for our findings herein on cumulative risk exposure and hyper-
reactivity to neutral faces could be the chaotic and unpredictable conditions accompanying
risky environments. Perhaps children who grow up in situations with greater risk exposure
experience more chaos and uncertainty and consequently become particularly vigilant to
ambiguous stimuli - like the neutral faces shown herein. They may also be more likely to
attribute threat or harm to emotionally ambiguous stimuli and situations. Future research on
childhood risk exposure and brain development should incorporate subjective evaluations of
stimulus meaning in conjunction with confidence ratings and then apply signal detection
theory to tease apart the influence of risk on sensitivity and response biases to reactions to
emotional information. It would also be of value to examine how generalizable emotional
reactions are beyond facial stimuli to actual interpersonal encounters or other representations
(e.g., semantic) of information varying in emotional tone.

With respect to enlargement of the amygdala in relation to elevated childhood cumulative
risk exposure, excess stress hormones might play a role. A few human studies indicate
elevated stress hormones with greater cumulative risk exposure (Evans et al., 2013) and as
reviewed by McEwen and Gianaros (2010) chronic stress as well as corticosteroid treatment
cause dendritic growth in basal amygdala neurons in rodents. Furthermore the basolateral
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nucleus of the amygdala is networked with multiple cortical areas involved with stressor
processing such as the anterior cingulate cortex, ventromedial prefrontal cortex and the
orbital prefrontal cortex. Stress hormones also appear to influence the degree of connectivity
between the amygdala and the PFC (Gee et al., 2013).

Ideally in future work on childhood risk exposure, brain development, and human wellbeing,
neuroimaging would occur in prospective, longitudinal research designs with repeated
measures of cumulative risk exposure during childhood and adolescence. Such a design
would afford a more sensitive and rigorous examination of the developmental timing of risk
exposures and brain development over the life course. Given the particular salience of early
risk exposure for brain development (Lupien et al., 2009; McEwen & Gianaros, 2010;
Shonkoff et al., 2009), it would have been better to collect earlier in life assessments of
cumulative risk exposure. It is worth noting that the findings herein of apparently more
salient, early risk exposure for amygdala structure and function comport with a large body of
literature on the developmental timing of childhood risk and mental health (Repetti et al.,
2002). Exposure to higher levels of risk early in life contribute to psychopathology. Some of
this could be due to the effects on brain development as shown herein. For instance, greater
amygdala reactivity to threat in college students predicted greater vulnerability to
subsequent stressful life events as evidence by more internalizing symptoms (Swartz et al.,
2015b). Perhaps for an organism developing within an ecological context of high risk, a
more well developed and sensitive system for threat detection and environmental monitoring
might be adaptive and, on balance, provide some degree of protection, perhaps at a cost of
greater vigilance and anxiety. We also examined whether amygdala structure and function
were linked to internalizing and externalizing symptomatology but uncovered no significant
associations. However the relatively modest sample size herein may have provided
insufficient statistical power for such an investigation. Clearly more work on the inter-
relations between early childhood risk, brain development, and mental health is an important
priority for future research.

Although the mediational data herein are interesting and provocative, caution is warranted
given that amygdala volume and function were assessed at the same age in young adulthood.
Another important advantage of a prospective, longitudinal design is that we could more
rigorously test the cumulative risk — amygdala volume — amygdala function mediational
pathway model. Such a design would enable us to assess amygdala volume subsequent to
cumulative risk exposure, as accomplished herein, but prior to amygdala function, which we
were unable to do. Another valuable extension of the present paper would be a broader
assessment of physical, social, and individual (e.g., genetic) risk factors for consideration in
the cumulative risk index. Although we used three major physical (e.g., housing quality) and
three major psychosocial risk factors (e.g., exposure to violence), there are many other
important risk factors the might also influence brain development. The use of an additive
model of summated risk categories (1 = upper quartile of exposure; 0 = lower three quartiles
of risk) although a sensitive and robust approach to the operationalization of cumulative risk
exposure (Evans et al., 2013) nonetheless equates risk with rarity of exposure rather than
conceptually based or normatively derived data. The cumulative risk index as typically used
in the literature and herein also equates each of the risk factors in terms of importance to the
outcome of interest. Although unweighted linear models tend to be robust, in some cases
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certain risk factors (e.g., violence) are likely more important than others (e.g., density) in
thinking about the structure and function of the brain in general, and the amygdala
specifically.

Adults who grew up with higher levels of childhood, cumulative risk exposure have larger
amygdala and elevated amygdala reactivity to facial stimuli, respectively relative to those
reared in less risky circumstances. The cumulative risk exposures assessed herein included
both physical (i.e., noise, crowding, housing quality) and psychosocial (i.e, family turmoil,
exposure to violence, separation of child from family) risk factors throughout childhood.
Furthermore, mediational analyses suggest that the elevated adulthood amygdala reactivity
associated with prior, childhood chronic risk exposure may be explained, in part, by larger
amygdala volumes among those from riskier backgrounds. Additionally, cumulative risk
exposure later in life appears less important for amygdala volume or function, highlighting
the importance of the developmental timing of risk exposure and brain development over the
life course.
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Significance Statement

In a prospective analysis, young adults with greater, childhood cumulative risk exposure
have larger amygdalae that are more reactive to emotionally neutral, facial stimuli.
Moreover, risk related volume enlargement mediates the link between cumulative risk
exposure and a more reactive amygdala. Altered amygdala structure and function could
help explain well-documented mental health sequelae of risk exposure during childhood.
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Figurel.
T-maps showing activations of bilateral amygdala in the contrast of all faces > shapes used

to define function ROI peaks (panel A), and the contrast neutral faces > shapes (panel B).
The position of the 5 mm sphere right amygdala ROl is shown as yellow circles.
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Figure2.
Childhood cumulative risk exposure (Mages 9 and 13) and total amygdala volume.

J Neurosci Res. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Evans et al.

Page 18

4-
[ ]
-1 .
m o
©
e o
y o
& 21
: -
o
o3
0 |
P
(D 4
>.
=
< .
0-
®
-1 T T T T T L T R ] 1
0 1 2 3 4
Cumulative Risk score
135x129mm (600 x 600 DPI)
Figure 3.

Childhood cumulative risk exposure (M ages 9 and 13) and total amygdala function in
response to emotionally neutral facial stimuli.
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Table 1

Descriptive Information on Cumulative Risk Factors

Variable Mean sb Range Upper Quartile Cutpoint
Crowding .61 21 .20-1.75 .70

Noise 62.90 6.71 46.60-80.00 67.70

Housing .60 .30 .08-1.68 .78

Family turmoil 1.65 1.39 0-5 2

Child separation 1.88 1.38 0-6 2

Violence 84 111 0-5 1

J Neurosci Res. Author manuscript; available in PMC 2016 December 01.

Page 19



	Abstract
	Method
	Participants
	Procedures
	Cumulative risk exposure
	MR Imaging acquisition and data analysis


	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

