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Abstract

The amygdala is vulnerable to stress-dependent disruptions in neural development. Animal models
have shown that stress increases dendritic arborization leading to larger amygdala volumes.
Human studies of early stress and amygdala volume, however, remain inconclusive. This study
compared amygdala volume in adults with childhood maltreatment to healthy controls. Eighteen
participants from a longitudinal cohort and 33 cross-sectional controls (17M/35F, 25.4 £3.1 years)
completed a structural magnetic resonance imagining scan and the Maltreatment and Abuse
Chronology of Exposure scale. Random forest regression with conditional trees was used to assess
relative importance of exposure to adversity at each age on amygdala, thalamic or caudate volume.
Severity of exposure to adversity across age accounted for 27% of the variance in right amygdala
volume. Peak sensitivity occurred at 10-11 years of age, and importance of exposure at this time
was highly significant based on permutation tests (p=0.003). The regression model showed that
exposure during this sensitive period resulted in steep dose-response function with maximal
response to even modest levels of exposure. Subjects in the highest exposure quartile (MACE-11,
range 11 — 54) had a 9.1% greater right amygdala volume than subjects in the lowest exposure
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quartile (MACE-11, < 3.5). No associations emerged between age of exposure and volume of left
amygdala or bilateral caudate or thalamus. Severity of adversity experienced at age 10-11
contributed to larger right but not left amygdala volume in adulthood. Results provide preliminary
evidence that the amygdala may have a developmental sensitive period in preadolescence.
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1. Introduction

Childhood adversity is a major risk factor for psychopathology associated with 30-70% of
the population attributable risk fraction for depression, suicide attempts, anxiety disorders
and substance abuse (see (1) for review). Early adversity may increase risk through
excessive release of glucocorticoids and epigenetic modifications that alter critical
developmental processes such as neurogenesis, synaptogenesis and myelination (2). The
amygdala may be particularly vulnerable due to high glucocorticoid receptor density (3) and
postnatal developmental trajectory characterized by rapid initial growth followed by more
sustained growth to peak volumes between 9-11 years and gradual pruning (4, 5). Aberrant
amygdala volume and function have been reported in psychiatric disorders marked by
affective dysregulation (6-9).

Translational studies show that psychological stressors (i.e., immobilization) and
administration of stress hormones stimulates dendritic arborization and formation of new
spines in the amygdala and increases volume (10, 11). Using a parallel human-mice model,
Cohen and colleagues (12) showed that manipulating type and timing of stressor to parallel
early orphanage experiences in humans led to early and persistent alterations in amygdala
development and function. Interestingly, this pattern is opposite to stress-induced
hippocampal atrophy and is less reversible even when the stressor is removed (12, 13). The
consequences of early life stress on the human amygdala and the underlying causes (e.qg.,
dendritic arborization), however, remain inconclusive. In fact, many studies have reported
no differences in amygdala volume following adversity (14-24). Yet, increased amygdala
volume was found in children who had experienced prolonged institutional deprivation (25,
26) or rearing by chronically depressed mothers (27). In contrast, smaller amygdala volumes
were reported among adults with childhood trauma and diagnoses of Borderline Personality
(28, 29) or Dissociative Identity Disorders (30, 31).

Several factors may contribute to these inconsistencies. First, stress-related effects on the
amygdala may change over development, leading to hypertrophy in childhood followed by
shrinkage in adolescence or adulthood. Second, the amygdala may show a differential
response to stress, enlarging in the face of neglect or insufficient human interaction, as with
prolonged institutional deprivation, or shrinking with exposure to the types of intense abuse
often reported by individuals with borderline personality or dissociative identity disorders.
Third, the timing of adversity may be critical (17, 32). Given the amygdala’s developmental
trajectory, it may be particularly sensitive to structural changes during early childhood when
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it is growing at a rapid rate, and again during preadolescence when growth peaks and
pruning takes over, as observed in the hippocampus (33).

To explore these factors, we recruited adults from a 30-year longitudinal sample who were
followed since infancy and had experienced significant levels of childhood adversity during
different developmental stages to take part in a magnetic resonance imaging (MRI) study.
Control subjects were healthy adults with no or very low levels of childhood adversity. It
was hypothesized that adults who experienced childhood adversity would show: (1)
increased stress-related symptoms, and (2) increased amygdala volume. We also explored
whether exposure to adversity during particular developmental windows was associated with
larger effects on amygdala volume.

Consistent with previous research (e.g., (26)), the caudate and thalamus were selected a
priori as control structures that should be less susceptible to periadolescent stress due to
their developmental trajectory and lower glucocorticoid receptor density (34-36).

2. Materials and Methods

2. 1 Participants

The study was approved by the Harvard Medical School, Cambridge Hospital, and McLean
Hospital IRBs. Subjects provided informed written consent and were reimbursed $100 for
their time. Two groups were enrolled: 18 longitudinal participants with early and continued
life stress (ELS: 8M/10F, 29.33+0.49 years) and 33 cross-sectional healthy controls (HC:
9M/24F, 23.43+1.45 years) with no or very low exposure to childhood maltreatment and no
history of psychopathology.

HC subjects were participants in a larger study of maltreatment-related effects on
psychopathology and neurobiology. We were aware when designing this study that HC
subjects would be about 6 years younger than ELS subjects, as HC subjects needed to be
between 20-25 years of age at the time of recruitment into the original study. We concluded
that this difference would be acceptable as amygdala volume should be stable within the age
range of the sample (5). Moreover, if volume did decline slightly with age, then this would
be tolerable, as it would bias results in the opposite direction given our prediction of greater
amygdala volume in the older ELS group.

ELS participants were first recruited as infants (8.5+5.6 months) for a study on social risk
factors and child development (37). The initial cohort consisted of 76 families who were at
or below 200% of federal poverty line. Extensive home and lab-based observations of
mother-infant dyads were conducted to characterize the quality of maternal caregiving and
infant attachment. Cognitive, affective and physical development was assessed during
multiple waves in infancy, childhood, and late adolescence (age 20 years) (37-39), with a
74% follow-up rate. At age 29, 33 participants were relocated and screened for inclusion in
the study. Eighteen ELS adults met inclusion criteria and participated in the MRI study.

Participants in the ELS group were quite representative of the larger longitudinal cohort
from which they were recruited and whose developmental outcomes have been well
characterized from infancy to adulthood (e.g. 37-39). Specifically, ELS participants did not
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differ from the larger cohort in family demographic characteristics (effect sizes: family
income = .04, ns; gender ... = .14, ns; mother single parent ... = .02, ns; mother high
school only ... = .03, ns; ethnic minority status ... = .05, ns); or in quality of parent-child
interaction in infancy, childhood, or adolescence (n = .01 — .05, all ns); or in severity of
childhood maltreatment (n = .01, ns); or in extent of Axis I or Axis Il psychopathology on
the SCID in adulthood (.00 — .00, all ns).

In the present study, subjects were excluded if they reported a significant medical or
neurological condition, substance abuse in the past six months, or did not meet MRI safety
criteria. With the exception of one ELS participant, all individuals were right-handed.
Compared to healthy controls, ELS participants were older, less likely to be single, and less
likely to have a college degree (Table 1). Age and gender served as covariates in initial
models. In the ELS group, three participants were diagnosed with current anxiety disorder
(Generalized Anxiety Disorder = 1; Social Phobia = 1; Panic Disorder = 1) and three
subjects met criteria for mood disorder (Major Depression = 2; Dysthymia/MDD = 1) at the
time of the study. Two subjects were previously diagnosed with Attention-deficit-
hyperactivity disorder (ADHD) but were not in treatment or taking medication at the time of
the scan. Eight participants reported a history of substance abuse or dependence. At the time
of the scan, four subjects were taking medication for past opioid dependence (subutex = 1;
suboxone = 2, methadone = 1). Current use of cannabis was endorsed by two subjects.

2.2 Measures

2.2.1 Maltreatment Exposure and Current Symptomatology—Timing and severity
of exposure to childhood maltreatment was assessed using the Maltreatment and Abuse
Chronology of Exposure scale (MACE; Teicher and Parigger, unpublished). This new
instrument assesses exposure to ten types of maltreatment during each year of childhood
from ages 6 to 18, including childhood sexual abuse, parental verbal abuse, non-verbal
emotional abuse and physical abuse, witnessing of intra-parental physical violence and
violence toward siblings, plus peer verbal abuse, peer physical abuse, emotional neglect, and
physical neglect. Items within each category were selected using item response theory, and
category scores were summed to provide a total score. Excellent test-retest reliability across
all ages (r=0.894, n = 60) was demonstrated by comparing severity scores for each subject
on test versus retest. Test-retest reliability at specific ages ranged from r = 0.808 at age 12 to
0.901 at age 16. Reliability at age 6 (r = 0.857) was not significantly different than reliability
at older ages. The MACE showed good convergent validity as the instrument correlated
0.741 (95% CI 0.697-0.780, t=23.74, df = 462, p < 10-16) with Childhood Trauma
Questionnaire (CTQ) scores and 0.705 (95% CI 0.677-0.731, t=26.21, df=1323, p < 10-16)
with Adverse Childhood Experiences (ACE) scores. However, MACE scores, on average,
accounted for 2.28-fold and 2.04-fold more of the variance in symptom ratings (depression,
anxiety, somatization, anger-hostility, dissociation, ‘limbic irritability’ and suicidal ideation)
than CTQ or ACE scores, respectively. The Parental Bonding Inventory (PBI) (40) was used
to assess Maternal Care (warmth/affection vs. coldness/rejection) and Maternal
Overprotection (intrusion/control vs. encouragement/autonomy) until age 16.
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Lifetime histories of psychopathology were assessed using the Structured Clinical Interview
for DSM disorders (SCID; (41)). The Perceived Stress Scale (PSS) was used as a global
measure of subjective stress experienced during the past month (42), the Symptom
Questionnaire (SQ) (43) assessed symptoms of depression, anxiety, anger-hostility and
somatic complaints during the last week, and the State version of the State-Trait Anxiety
Inventory (44) assessed existing anxiety levels immediately before and after MRI.

2.2.2 Magnetic Resonance Imaging—~Data was collected using a 3T TIM Trio scanner
(Siemens AG, Erlangen, Germany) with a 32-channel head coil using a T1-weighted
Magnetization Prepared Rapid Gradient Echo (MPRAGE) pulse sequence (TE: 2.25ms; TR:
2100ms; FA = 12; FOV: 256mm; slice number: 128; voxel size: 1.0x1.0x1.3mm; slice
thickness: 1.33mm) in the sagittal plane (scan duration: 6 min).

2.2.3 Image Processing—Gray matter volume (GMV) in amygdala, caudate and
thalamus were semi-automatically assessed using FreeSurfer 5.1 (http://
surfer.nmr.mgh.harvard.edu). Although this program originated as a method for assessing
cortical structure (45-48), it has evolved to include robust tools for subcortical volume
analyses (49, 50). Voxels within subcortical regions are labeled using an elaborate process
based on both a subject-independent probabilistic atlas derived from a hand-labeled training
set and on subject-specific measures (50). This procedure has been found to label the brain
in a manner that is statistically indistinguishable from those provided by experienced manual
raters (49). Overall, FreeSurfer provides one of the most reliable automated brain
segmentation methods for assessing the amygdala and these measures correlate highly with
expert hand tracings (51). Automated segmentation eliminates differences between studies
and facilitates replication by other investigators (52, 53). The authors (CMA, PP) visually
inspected all T1-weighted and automated images. Manual adjustments were not required.
Regional volumes and total GMV were extracted and exported into SPSS 19.0 and R (54)
for statistical analysis.

2.3 Statistical Analysis

2.3.1 Analysis of Group Differences—Between group differences in exposure to
maltreatment between ages 6-18 years and the influence of gender on exposure were
assessed using linear mixed effect models with group and gender as fixed effects (R
packages Ime4, and LMERConvenienceFunctions). Between group differences in symptom
ratings were assessed using independent t-tests with Welch’s correction for unequal
variance. Hypothesis testing of overall group differences in neuroimaging measures were
assessed using linear mixed effect models with group and hemispheres as fixed effects and
age, gender and total GMV as covariates.

As we had hypothesized a priori that childhood maltreatment would be associated with
increased GMV in the amygdala but would not be associated with alteration in GMV in
caudate or thalamus, we did not adjust the significance of amygdala measures for these
planned negative control comparisons.
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2.3.2 Sensitive Period Analysis—The presence of a potential ‘sensitive period’, during
which exposure to childhood maltreatment might be more strongly associated with
alterations in amygdala volume, was assessed using random forest regression with
conditional inference trees (‘cforest in R package party (55)). This is a form of machine
learning in which a large number of unpruned decision trees are generated and their results
aggregated. Random forest regression has the advantage of high accuracy, no restrictions
regarding the distribution and scaling properties of the data, high tolerance for
multicolinearity and a novel means of determining variable importance (56, 57). We used a
variant of Breiman’s approach with conditional trees as the base learners to avoid a potential
problem with biased estimates that can emerge when variables differ in range or number of
categories (55). Conditional forest regression indicates importance by assessing the decrease
in accuracy, as noted by the increase in mean square error (MSE), of the forest’s fit
following permutation of a given predictor variable. Permutation of important predictor
variables produces a large increase in MSE, whereas permutation of unimportant predictors
produces little or no increase in MSE.

While random forest regression is well-suited to identify ages when severity of exposure has
the most important predictive effect on morphology (58, 59), we also sought to determine
whether the magnitude of importance at peak periods could have occurred by chance.
Hence, we used a re-randomization test in which we calculated the maximal increase in
MSE with severity of exposure at any age in the original data set, and then tested for this
degree of increase in MSE in 10,000 alternative random forests regressions in which the
association between regional volume and exposure histories was randomly reshuffled.

Finally, we evaluated whether the importance of exposure during the sensitive period
exceeded the importance of overall exposure across childhood (i.e., composite score based
on whether or not specific events were experienced at any time during the subject’s first 18
years). This was accomplished by computing conditional forest regression including overall
severity as an additional predictor. Significance of differences in importance of exposure
during a specific age versus childhood in general was assessed using bootstrap resampling
(60).

For these analyses we used regional measures of GMV in amygdala, thalamus and caudate
nuclei as dependent variables and adjusted these measures for the subject’s total GMV. Age
and gender were not included as additional covariates as the mixed effect models showed
that their influence was well accounted for by total GMV (resulting in their non-significant
contributions) and more parsimonious models were produced by their exclusion. MACE
severity scores at each age (between 6 — 18 years) were used as the predictor variables.
Regional GMV was centered and scaled for each region to provide an arbitrary mean of 100
and SD of 10, to facilitate comparisons between regions in importance of exposure at each
age using the increase in MSE criteria. Each forest consisted of 500 trees with four variables
randomly selected for evaluation at each node.
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3. Results

3.1 Maltreatment Exposure and Current Symptomatology

As expected, ELS subjects reported more severe exposure to childhood maltreatment across
development than HC (F(1,611) = 48.89, p < 10711) (Figure 1). Exposure was slightly
higher in females than males (F(1,611) = 4.46, p < 0.04). ELS subjects reported at least a
moderate degree of exposure to 2.8 + 2.1 different types of maltreatment (range 0 — 8)
versus 0.4 + 0.5 types in HC (range 0 — 1) (t(18.078) = -4.93, p = 0.0001). Compared to HC,
ELS subjects experienced greater severity of exposure to emotional neglect (t(20.36) = 4.26,
p < 0.0004), parental verbal abuse (t(20.76) = 4.06, p < 0.0006) and physical neglect
(t(22.86) = 3.31, p < 0.004). Both groups reported low exposure to sexual abuse, non-verbal
emotional abuse, witnessing interparental violence and peer physical abuse yielding no
group differences. The ELS group also reported lower levels of maternal care (p = .002) but
not maternal overprotection (p =.31) (Table 2).

In support of our first hypothesis, the ELS group reported higher levels of perceived stress in
the past month than HC (p = .004) and more current symptoms of anxiety (p = .008) and
anger-hostility (p < .001) (Table 2).

3. 2 Neuroimaging

3.2.1 Childhood Adversity and Amygdala Volume—Consistent with the second
hypothesis, mixed effect models showed that there was a significant effect of group (F(1,46)
= 4.48, p < 0.04) on amygdala volume. There was also an effect of hemisphere (F(1,46) =
21.48, p <0.0001) but no significant group x hemisphere (GxH) interaction (F(1,46) =
0.004, p > 0.9) (Figure 2A). On average, least square mean adjusted amygdala volume was
3.8% greater in ELS versus HC subjects. In contrast, there were no significant effects of
group, or GxH interactions on caudate (Group: F(1,46) = 0.34, p > 0.5; GxH: F(1,46) =
0.55, p > 0.4) or thalamus (Group: F(1,46) = 2.36, p = 0.14; GxH: F(1,46) = 0.09, p > 0.7).

There was also a significant linear association between severity of exposure to adversity
across childhood (MACE sum score) and adjusted volume of the right (r = 0.38, p < 0.006),
but not left (r = 0.10, p > 0.4), amygdala (Figure 2B). A multiple regression analysis
confirmed that the significant regressive relationship between severity of exposure to
adversity and right amygdala was not confounded by differences in education, martial status,
medication use, clinical diagnosis, current symptoms of depression and anxiety or recent
stress (Table 3). There were no significant linear associations between MACE sum score
and adjusted right and left caudate or thalamic volumes. Increased right but not left
amygdala volume was also marginally associated with increased anxiety symptoms (SQ: r=.
27, p=.07).

3.2.2 Sensitive Periods for Maltreatment Exposure—Finally, exploratory analyses
to assess potential sensitive periods indicated that severity of exposure at 10-11 years of age
was the most important predictor of right amygdala volume (Figure 3). On balance, severity
of exposure at 10-11 years of age accounted for 27% of adjusted volume (Table 4).
Eliminating age 11 from the analysis (by permutation) produced a 12.7 (e.g., 1.27 SD) mean
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decrease in accuracy (i.e., increase in MSE) of the regression. The probability of obtaining a
peak of at least this height was quite low (p = 0.0033), as was the probability of obtaining an
overall fit with as low a MSE (p = 0.023) (Table 4).

In contrast, the same analysis applied to the left amygdala showed that severity of exposure
across this age range accounted for only 13% of adjusted volume, and the most prominent
peak had low importance. The likelihood of obtaining a peak with this importance by chance
was high (p = 0.59), as was the probability of obtaining this degree of fit (p > 0.8) (Table 4).
Similarly, no evidence emerged for significant sensitive periods for exposure to ELS on
caudate or thalamic volume in this sample.

Comparing the importance of exposure at specific ages versus all of childhood indicated that
exposure at age 10 (t(71.98) = 4.46, p < .0001) and 11 (t(62.45) = 9.13, p < 10712) were
substantially more important than overall childhood exposure in this sample. Adjusted right
amygdala volume was 9.12% [95% CI 3.9% — 14.3%] greater in the highest versus lowest
exposure quartiles at age 11 (1757.6+105.8 vs.1610. 7+72.7; t(17.29) = -3.89, p = 0.001).

Random forest regression does not assume a linear relationship between predictor variables
and outcomes. Figure 4 shows the nature of the modeled relationship between degree of
exposure at ages 10 and 11 and scaled right amygdala volume. Interestingly, the model
delineated a sharp, nearly stair-step, dose-response relationship between exposure and right
amygdala volume. Right amygdala volume remained low up to MACE scores of 5, then rose
rapidly to a new plateau level 0.23 SD larger at MACE score = 10 for exposure at age 10
(holding exposure at age 11 constant and below threshold), and 0.35 SD larger at MACE
score = 12 for exposure at age 11 (holding exposure at age 10 constant and below threshold).

The types of maltreatment that were positively and significantly associated with right
amygdala volume included parental verbal abuse, physical maltreatment, non-verbal
emotional abuse, witnessing sibling assault, and peer verbal abuse at 10-11 years (Table 5).
No associations between abuse type and left amygdala volume were found. With the
exception of a modest positive correlation between thalamic volume and parental verbal
abuse, no other correlations were found between type of abuse at age 10 or 11 and regional
volumes.

3.2.3 Hippocampal Sensitive Period Comparison—As the sensitive period for the
right amygdala at 11 years (Figure 3) roughly corresponded to the time of peak exposure (10
years, Figure 1) the question arouse as to whether this ‘sensitive period’ was an artifact of
more severe exposure or greater variability in exposure occurring during this time window.
To help rule out this possibility we assessed whether the hippocampus showed the same
sensitive period in this population. Prior work strongly indicated that the hippocampus
should have an earlier and possibly later sensitive period (17).

Right but not left hippocampal volume correlated with MACE severity (F1 34 = 6.54, p =
0.015) after controlling for total gray matter volume, age, gender, education, martial status,
medication use, clinical diagnosis, current symptoms of depression and anxiety and recent
stress. Exploratory analyses with random forest regression indicated that severity of
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exposure at 7 and 14 years of age were the most important predictor of right hippocampal
volume (Figure 5). Severity of exposure across age accounted for 27% of adjusted volume.
Eliminating age 7 from the analysis (by permutation) produced an 8.2 point decrease in
accuracy (i.e., increase in MSE) of the regression. The probability of obtaining a peak of at
least this height was low (p = 0.035), as was the probability of obtaining an overall fit with
as low a MSE (p = 0.034)

4. Discussion

This study provides initial evidence for enlarged amygdala volume associated with ELS in
an adult sample. In particular, in relation to the right amygdala, we found a dose-response
relation between severity of exposure and volume. The results further add to our
understanding by identifying important differences in right versus left amygdala sensitivity
to the type and timing of ELS.

Previous studies have also observed a specific association between ELS and anatomical
changes in the right amygdala (25, 61). For example, Metha et al. (25) found increased right
but not left amygdala volume in adolescents who experienced early institutionalization. Buss
and colleagues (61) showed that higher maternal cortisol in early gestation was associated
with increased right amygdala volume in girls at age seven which mediated the relationship
between maternal cortisol and affective problems. Similarly, right-lateralized amygdala
hyper-reactivity to negative stimuli was found in adults with maltreatment histories (20).
Interestingly, Dannlowski and colleagues (62) showed that even at a level of automatic
emotion processing, childhood maltreatment was associated with hyper-reactivity of the
right but not left amygdala in response to subliminally presented negative faces. The right
amygdala increases in volume over a longer time period than the left amygdala, potentially
leaving it more vulnerable to stress-related effects during later periods of development (5).
In contrast, the left amygdala appears to develop more rapidly in the first few years of life,
suggesting a more prominent role in early development. Furthermore, a recent longitudinal
study showed that only left amygdala growth but not right amygdala growth following
childhood maltreatment is mediated by adolescent psychopathology (63). Functionally, the
amygdala has been proposed to be associated with self-referential processing of negative
emotional stimuli on the right and positive emotional stimuli on the left (64). Stimulation of
right amygdala in patients with temporal lobe epilepsy has been shown to produce greater
intensity of emotions such as fear, compared to left-sided stimulation (65).

In addition, evidence for a developmental sensitive period between 10-11 years of age was
strong for the right amygdala. Random forest regression indicated that the importance of
exposure at 11 years of age exceeded that for all other ages (except 10 years) by at least 5.7-
fold. Further, the importance of exposure at 11 years was 3.5-fold greater than for overall
exposure during the first 18 years. Increased amygdala GMV was associated with exposure
to several active forms of abuse at age 10-11, but was not associated with degree of
exposure to physical or emotional neglect at those ages. Analysis of the random forest model
further revealed a steep, near stair-step, dose-response function during the sensitive period,
suggesting a threshold effect at a relatively modest level of exposure.
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Given the similar peak age of amygdala sensitivity and the age of most severe maltreatment
exposure, it could be argued that amygdala development is sensitive to severity. However,
the highest mean exposure level was at age 10 while maximal importance was at age 11.
Further, severity of exposure was very similar at 8, 11 and 14 years (i.e., 14.1, 15.1, 14.1,
respectively), but importance attributable to these ages was markedly different (0.34, 12.74
and 0.63, respectively). In addition, the conditional random forest technique used is not
biased by independent variable parameters, such as variability, range or mean (55). Perhaps,
most convincingly, applying the same technique to the hippocampus delineated a completely
different sensitive period. This provides strong evidence that sensitive periods detected are
unrelated to developmental differences in overall exposure level. This principle was further
confirmed using simulated data (not shown).

These results provide several possible explanations for some of the discrepant findings in
previous studies. For example, previous studies of children exposed to adversity have
reported increased amygdala volume in children with institutional deprivation or rearing by
chronically depressed mothers (25-27). However, studies of childhood adversity focusing
on adults have either found no significant differences (14—20) or smaller amygdala volumes
in borderline personality or dissociative identity disorder subjects (28-31). Results of the
present study suggest, first, that timing of exposure may be extremely important, and overall
exposure levels across childhood may be misleading if the maltreatment occurred before or
after the sensitive period. Second, the association between maltreatment and volume appears
to be lateralized, and may be missed by studies looking for bilateral differences (e.g., (17)).
Perhaps most importantly, the random forest regression model suggests that the right
amygdala appears to be vulnerable to even modest levels of adversity during the sensitive
period, and appears to be affected by types of maltreatment (e.g., peer verbal abuse,
witnessing violence to siblings) not detected by other assessments. Hence, detecting an ELS
effect on the right amygdala may require comparison with a control group with extremely
low levels of exposure.

Further research is needed to determine what factors may lead to increased or decreased
amygdala volume (e.g., 63), keeping in mind that this may not be a cause and effect
relationship with ELS. For example, it is possible that reduced amygdala volume may be a
preexisting risk factor for certain forms of psychopathology (53), and may appear as a
maltreatment-related consequence in these samples. Based on randomized animal models,
possible neurobiological mechanisms relating childhood stress to increased amygdala
volume include inadequate pruning or stress-related overproduction of new spines in the
amygdala. Several cortical and subcortical regions overproduce axons, dendrites, synapses,
and receptors (66). Typically, these overproduced elements are extensively pruned in the
period between onset of puberty and emergence of adulthood (67, 68). Increased amygdala
volume may therefore be a result of stress secondary to adversity inhibiting the pruning
process. Alternatively, direct administration of stress hormones in animals has shown to
increase dendritic arborization and formation of new spines in the amygdala (10, 11). Thus,
volumetric increases in the amygdala may be a direct consequence of stress-related
arborization during preadolescence. Future research will need to deconstruct these potential
pathways.
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Despite these intriguing findings, the interpretation of morphometric change remains
challenging as multiple factors contribute to structural volume (e.g., size of neurons and
glial cells, density, vascularity) (69). Although previous research has found higher levels of
anxiety associated with increased right amygdala volume (70), the present study only
showed a trend-level association. Future studies will need to assess whether functional
response shows a similar sensitive period given that amygdala hyper-reactivity to emotional
stimuli has been frequently reported in individuals with ELS (20, 71-73).

4.1 Implications

Identifying sensitive periods when adversity will have a particularly harmful impact on
amygdala development is pivotal to linking childhood experiences to later psychopathology.
Unlike reversible hippocampal atrophy, the effects of adversity on the amygdala persist even
after the termination of adversity, making this subcortical region more resistant to recovery
(13). In addition, changes in amygdala volume have been proposed as a vulnerability factor
for psychiatric illness (53). Sensitive periods are also likely windows of opportunity during
which clinical interventions may provide maximal benefits (33) to minimize or preempt
long-term consequences of abuse.

4.2 Limitations

Several limitations should be acknowledged. First, timing and severity of maltreatment were
reported retrospectively. Although prospective longitudinal data confirmed the presence of
adversity in the ELS group (e.g., 37, 38, 39), the degree and timing of specific types of
maltreatment across both ELS and HC groups was reported at age 29. Self-reports have been
shown to be reliable and sensitive to levels of maltreatment unlikely to come to clinical
attention. Subjective evaluations of the severity of the abuse are especially relevant for an
individual’s level of stress response and consequent impact on neural development (74). It
could be argued that retrieving information on the exact timing of abuse in childhood may
be challenging for the adult. However, maltreatment experiences are salient events in an
individual’s life that are often a vital part of an individual personal narrative. The excellent
test-retest reliability of the MACE also provides support that adults are very consistent in
their recall of the timing of maltreatment experiences. The MACE is a new instrument
specifically designed for studying sensitive period effects. In addition to the assessment of
exposure at each age, it has the potential advantages, including the assessment of more types
of early adversity, the selection of items based on item-response theory, and very high test-
retest reliability, as noted. Indeed, overall exposure and exposure at specific ages meet
Bland and Altman’s (75) stringent criteria for reliability/reproducibility. However, there are
limits to recollection even of traumatic events, which are almost certainly modified during
the passage of time (e.g., (76)).

Second, conclusions about the shape of the sensitive exposure period and the impact of
different types of abuse on amygdala development are preliminary given that the ELS
sample, on average, experienced relatively moderate levels of exposure throughout
development. While exposure at 10-11 years was most predictive in this sample, it is likely
that severe exposure outside the sensitive period would also have impact.
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Third, six individuals with ELS met current diagnostic criteria for a mood or anxiety
disorder, which is typical for subjects with moderate levels of exposure to early adversity
(1). Selecting samples in which all exposed subjects meet criteria for a specific disorder,
such as PTSD, or who are all free of psychopathology might have produced a somewhat
different outcome. It is our perspective that selecting subjects based on experience
regardless of outcome provides the most generalizable information on the consequences of
exposure. Selecting subject who all meet criteria for a specific disorder may bias results by
recruiting subjects who are susceptible in the same way, and provides results that are most
applicable to that subgroup. Similarly, selecting maltreated subjects with no history of
psychopathology may provide results that are most applicable to relatively resilient
individuals.

Finally, we cannot infer causality from this study because the data were correlational and
crossectional. Future work should include prospective longitudinal designs and early MRI
scanning of infants or young children, a relatively novel procedure that was not available
when the current participants were infants. Despite support for changes in amygdala
development, analytic methods in humans are limited in identifying the underlying
mechanism causing atrophies or hypertrophies following early life stress. Understanding
‘normative’ brain development, and divergences thereof, continue to be a challenging task
for future research.

5. Conclusion

To explore sensitive periods during which the amygdala is susceptible to early and
continued life stress, we recruited adults from a 30-year longitudinal sample who were
followed from infancy and who experienced adversity during different developmental
stages. Random forest regression revealed that severity of adversity experienced at age 10—
11 contributed to a larger right but not left amygdala volume in adulthood. Results provide
preliminary evidence that the amygdala may have a developmental sensitive period
extending into preadolescence. Most critically, sensitive periods are likely windows of
opportunity during which clinical interventions may provide maximal benefits to minimize
or preempt long-term consequences of childhood adversity.
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Severity of Exposure to Maltreatment Across Age
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Figure 1.

Retrospectively reported severity of exposure to childhood maltreatment during different
childhood ages in longitudinally-followed participants with early life stress versus healthy
controls.
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A. Scatter plot showing differences in amygdala volume adjusted for age, gender and total
gray matter volume in ELS and HC subjects. B. Linear regression graphs illustrating
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Figure 3.
Results of random forest regression with conditional trees indicating importance of exposure

to early life stress from 6 — 18 years of age on amygdala, thalamic, and caudate volumes.
Importance is indicated by degradation in fit, as indicated by increase in mean square error,
following effective elimination of each age from the model by permutation.
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Figure 4.

Dose-response relation between recalled severity of exposure at 10-11 years of age and
scaled right amygdala volume as predicted by the random forest regression model. Exposure
at ages 6-9 and 12-18 held constant at mean value for all subjects. Exposure at age 10 (or
11) held constant at subthreshold MACE score of 4 while exposure at age 11 (or 10) varied
across x — axis.
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Figure 5.

Results of random forest regression with conditional trees indicating importance of exposure
to early life stress from 6 — 18 years of age on right hippocampal volume.

Neuroimage. Author manuscript; available in PMC 2015 August 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Pechtel et al.

Demographics for participants in the healthy control (HC) and adversity (ELS) groups.

Table 1

ELS HC
Characteristics (n=18) (n=33) Statistical Value p-levels
Age, mean+SD 29.3£0.49 23.42+1.45 t=16.71 .001
Females, N (%) 10 (55.60) 24 (72.70)  x2=1.55 21
White, N (%) 14 (77.80) 23 (62.20) x2=2.82 42
Single, N (%) 11(61.10) 31(93.90) x2=8.64 .003
College degree, N (%) 2 (11.10) 28(84.80)  x2=26.15 .001
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Self-report measures of parental care and current symptomatology (meanzstandard deviation) for participants
in the healthy control (HC) and adversity (ELS) groups&.

Measures ELS (n=18) HC (n=33) Statistic (t-test) p-levels
PBI: Care 24.00£9.02  31.92+4.42 -4.23 .002
PBI: Overprotection  12.28+7.90  10.24+6.07 1.03 31
PSS 21.72+7.74  15.69+6.08 3.05 .004
STAI: Pre-Scan 31.78+7.43  29.41+5.06 1.34 24
STAI: Post-Scan 28.39£7.72  30.50+7.42 -.95 .35

SQ: Anxiety 10.44+3.31 7.24+4.28 2.75 .008
SQ: Depression 8.89+3.53 7.00+4.13 1.64 A1

SQ: Somatic 6.89+3.31 6.67+3.86 21 .84

SQ: Anger-Hostility ~ 10.94+3.47  6.15+4.43 4.0 .001

aPBI=ParentaI Bonding Instrument, PSS=Perceived Stress Scale; STAI=Spielberger State-Trait Anxiety Inventory (State version), SQ=Symptom

Questionnaire.
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Multiple linear regression analysis showing effects of maltreatment severity, total gray matter volume and

potential confounding factors on right amygdala volume.

Coefficients Estimate  Standard Error tvalue Probability
(Intercept) 299.50 365.30 0.82 0.42
MACE Severity 4.55 1.74 2.61 0.013
SCID Anxiety -1111 108.70 -1.02 0.31
Current Anxiety 5.94 5.20 1.14 0.26
SCID Major Depression -93.62 100.00 -0.94 0.36
Current Depression -2.90 5.14 -0.56 0.58
SCID Substance Abuse 63.21 87.80 0.72 0.48
Perceived Stress Scale -0.53 2.97 -0.18 0.86
Married (yes/no) 0.43 49.32 0.01 0.99
Education (Years) -4.00 10.43 -0.38 0.70
Current Medication Use -11.08 95.82 -0.12 0.91

Sex 19.17 50.79 0.38 0.71

Age -3.99 7.90 -0.51 0.62
Total Gray Matter Volume  0.002 0.0004 5.61 0.0000003
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