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Abstract

Early life stress in rodents is associated with increased amygdala volume in adulthood. In humans, 

the amygdala develops rapidly during the first two years of life. Thus, disturbed care during this 

period may be particularly important to amygdala development. In the context of a 30-year 

longitudinal study of impoverished, highly stressed families, we assessed whether disorganization 

of the attachment relationship in infancy was related to amygdala volume in adulthood. Amygdala 

volumes were assessed among 18 low-income young adults (8M/10F, 29.33±0.49 years) first 

observed in infancy (8.5±5.6 months) and followed longitudinally to age 29. In infancy 

(18.58±1.02 mos), both disorganized infant attachment behavior and disrupted maternal 

communication were assessed in the standard Strange Situation Procedure (SSP). Increased left 

amygdala volume in adulthood was associated with both maternal and infant components of 

disorganized attachment interactions at 18 months of age (overall r = .679, p < .004). Later 

stressors, including childhood maltreatment and attachment disturbance in adolescence, were not 

significantly related to left amygdala volume. Left amygdala volume was further associated with 

dissociation and limbic irritability in adulthood. Finally, left amygdala volume mediated the 

prediction from attachment disturbance in infancy to limbic irritability in adulthood. Results point 

to the likely importance of quality of early care for amygdala development in human children as 

well as in rodents. The long-term prediction found here suggests that the first two years of life may 

be an early sensitive period for amygdala development during which clinical intervention could 

have particularly important consequences for later child outcomes.
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1. Introduction

Early life stress is increasingly recognized as a risk factor for psychopathology. Childhood 

adversity has been associated with 30–70% of the population attributable risk for depression, 

suicide attempts, anxiety disorders and substance abuse (1). One central component of early 

adverse environments is impairment in parental regulation provided to the infant (2), with 

meta-analyses indicating that insecure and particularly disorganized attachment relationships 

in infancy predict internalizing and externalizing problems in childhood (2–5). Impaired 

regulation of early stress due to poor quality care may increase risk through excessive 

release of glucocorticoids and associated epigenetic modifications that alter critical 

developmental processes such as neurogenesis, synaptogenesis and myelination (6).

The amygdala may be particularly vulnerable to such effects of early stressors due to high 

glucocorticoid receptor density (7) and to a postnatal developmental trajectory characterized 

by rapid initial growth and gradual pruning (8, 9). In accord with this hypothesis, 

translational studies show that manipulating type and timing of early stressors leads to 

persistent alterations in amygdala development and function (10–12). Both psychological 

stressors and stress hormone administration stimulate dendritic arborization and formation 

of new spines in the amygdala, increasing volume (13, 14). This pattern is opposite to stress-

induced hippocampal atrophy and less reversible when the stressor is removed (15). In 

particular, animal models indicate that low maternal responsiveness (LMR) during infancy is 

a potent stressor, associated with a host of alterations in infant development, including 

amygdalar effects, that persist into adulthood (10–12, 16). In rodent models, LMR has been 

indexed by natural or provoked variations in the responsiveness of maternal care (10, 11, 

16).

Studies are now examining the relation between varieties of early life stress and amygdala 

volume among human children and adults. However, the consequences of early life stress on 

the human amygdala and the underlying causes (e.g., dendritic arborization) remain 

inconclusive (17).

First, a number of studies have found volumetric differences in relation to severe life events, 

including childhood maltreatment, institutional rearing, and poverty (18–26). However, other 

studies have reported no differences in amygdala volume following similar types of 

adversity (27–37).

Second, adult volumetric differences related to childhood maltreatment have most often 

involved increased hemispheric volume ((18, 19, 38); but see (20) for reduced volume). 

Increased volumes have also been reported among children exposed to institutional rearing 

or maternal depression (24, 25, 39)). However, in other studies assessing amygdala volumes 

in children or adolescents, effects have involved reduced volumes (21–23). In addition, 

smaller amygdala volumes in adulthood were reported among individuals with childhood 
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trauma and diagnoses of Borderline Personality (40, 41) or Dissociative Identity Disorders 

(42, 43). Aberrant amygdala volume and function have also been reported in other 

psychiatric disorders marked by affective dysregulation (41, 44–46).

Third, volumetric differences have varied in whether they occurred in both hemispheres or 

more strongly in the left or right hemisphere of the amygdala. Adults exposed to 

maltreatment in childhood have shown predominately right-sided differences in amygdala 

volume as adults (18–20, 38). Findings based on neuroimaging in childhood among children 

exposed to adversity (institutional rearing, maternal depression, maltreatment) have varied, 

with some showing overall differences or right-sided differences (24, 25, 39) and others 

showing predominately left-sided effects (21–23).

Several factors may contribute to these inconsistencies. First, the timing of adversity may be 

critical (17, 30, 38). Given the amygdala’s developmental trajectory, it may be particularly 

sensitive to structural changes during early childhood when it is growing at a rapid rate, and 

again during preadolescence when growth peaks and pruning takes over, as observed in the 

hippocampus (47). Second, stress-related effects on the amygdala may be cumulative, as 

well as non-linear, with amygdala enlarging in response to early life stress but shrinking over 

time in the face of continued or overwhelming later stress (48). Third, the amygdala may 

show a differential response to different types of stressors, 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. Thus, while there is increasing literature to 

suggest that the human amygdala is affected by stressful developmental experiences, it is 

likely that factors including timing of stressor (38), age of assessment (23), development of 

associated psychopathology (23), genetic loading (22), and extent of stressful life events 

(22) will be important to the patterning of effects on the amygdala.

While most human studies have focused on stressful events after the infancy period, a few 

studies have examined amygdala structure or function in relation to the effect of low 

maternal responsiveness in the first two years of life, including prolonged institutional 

deprivation or rearing by depressed mothers (21, 24, 25, 39). While most studies found 

volumetric increases (24, 25, 39, 49) and increased activity in the amygdala (50–52), at least 

one study found volumetric decreases (21) and one study reported no differences (53).

To date, however, most studies have inferred low maternal responsiveness from more distal 

indices such as institutional care or maternal depression. One study has involved direct 

assessment of infant behavior, but maternal behavior was not assessed (49). To more 

carefully parse how the quality of maternal care during the first two years of life may affect 

the development of limbic stress systems, it will be important to directly assess quality of 

care during infancy.

For human infants, the most widely validated paradigm for direct observation of the quality 

of the mother-infant attachment relationship is the Strange Situation Procedure (SSP) (2, 3, 

54). This paradigm includes two mildly stressful 3-minute separations of mother and infant 

followed by 3-minute reunions during which the degree of the infant’s security or conflict 
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behavior in approaching the mother for care is coded. This assessment yields three 

classifications of attachment behavior prevalent in middle class samples that are considered 

organized and adaptive, including secure, ambivalent, and avoidant attachment patterns. 

These organized patterns are related to variations in maternal sensitivity (55, 56) but have 

not been consistently associated with serious family risk factors.

However, some infants do not exhibit the consistent patterning of behavior characteristic of 

these organized classifications, showing instead a variety of confused or conflicted behaviors 

upon reunion with the mother. These infants are described as disorganized in attachment 

behavior, and infant attachment disorganization has been meta-analytically associated with 

serious family risk factors, including poverty, maternal psychiatric disorder, and 

maltreatment, as well as later externalizing behavior problems (2, 3). Disorganized behavior 

on the part of the infant is also associated with directly observed disturbed maternal 

interaction (57). In addition, infants with disorganized attachments demonstrate a more 

prolonged cortisol response to stressors (58–60) and atypical patterns of diurnal cortisol 

secretion (61). This association between disorganized attachment and increased stress 

responses in infancy suggests the further hypothesis that disturbed attachment relationships 

may be associated with differences in amygdala volume. Given the large body of work 

confirming the later negative child outcomes associated with disorganized attachment, it is 

important to assess the aspects of brain morphology that may be affected by such early 

disturbed care and serve as potential mediators of later psychopathology.

To explore effects of early attachment disturbance, as well as later stressors, on amygdala 

volumes, we recruited subjects from a low-income cohort first seen in infancy. More than 

half of the longitudinal sample experienced clinically significant levels of disturbed care in 

infancy as judged by area service providers (see Material and Methods 2.1). Quality of 

mother-infant interaction was directly observed and coded with validated inventories for 

disrupted maternal behavior and disorganized infant behavior at 18 months of age.

A previous report assessed amygdala volume in relation to childhood maltreatment severity 

among the longitudinal participants studied here, as well as a group of healthy cross-

sectional controls (38). Interviewed in adulthood, the longitudinal participants reported more 

severe exposure to maltreatment in childhood than controls and reported lower levels of 

maternal care on the Parental Bonding Instrument than controls (p = .002). Both left and 

right amygdala volumes were larger among longitudinal participants than controls, with least 

square mean adjusted amygdala volume 3.8% greater among the longitudinal group. 

Severity of childhood maltreatment was significantly related to right hemisphere volumes 

but not to left volumes, with severity of maltreatment at 10–11 years of age the most 

important predictor of right amygdala volume.

However, no healthy control group was available for assessing the longitudinal questions of 

interest in the present report. Here we examine a separate and orthogonal set of questions 

regarding infancy and childhood predictors of adult amygdala volumes within the 

longitudinal group only. Based on previous animal models, we predicted that the quality of 

the mother-child attachment relationship in infancy might have a unique relation to adult 

amygdala volumes, independent of later contributors including childhood maltreatment. To 

Lyons-Ruth et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evaluate this prediction, we first assessed whether overall attachment disturbance, including 

both disorganization of infant attachment behavior and disruption in mother-infant 

interaction, was related to amygdala volume in adulthood. Second, we evaluated whether 

later stressors in childhood and adolescence, including maltreatment, could account for any 

relations between quality of early care and adult amygdala volumes. Finally, to explore 

whether any observed differences had functional significance in adulthood, we assessed 

whether adult psychiatric symptoms were related to amygdala volumes, including anxiety 

disorders, depressive disorders, substance dependence, and dissociative symptoms. We also 

assessed symptoms of limbic system irritability, which have been strongly related to 

childhood adversity (62–65). Limbic system irritability is assessed by the Limbic System 

Checklist-33 (LSCL-33; (64) which evaluates the frequency with which subjects experience 

symptoms often encountered as phenomena of ictaltemporal lobe epilepsy, such as brief 

hallucinatory events (66). Table 1 provides a listing of study measures.

Consistent with previous research (24), the hippocampus, caudate, and thalamus were 

selected a priori as contrast or control structures. The hippocampus is also highly stress 

susceptible, with sensitive periods in early childhood and during the pubertal period, but 

effects of stress are less persistent (15, 24, 47). The remaining structures are less susceptible 

to early stress due to their developmental trajectories and/or lower glucocorticoid receptor 

densities (67–69).

2. Material and Methods

2.1. Participants

Participants were 18 young adults (8M/10F, 29.33±0.49 years) first recruited as infants 

(8.5±5.6 months) as part of a longitudinal study of the effects of social risk factors on child 

development (70). 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.

The larger study from which these participants were recruited consisted of 76 families who 

were at or below 200% of federal poverty levels. 52.6 % of families had been referred for 

clinical help in parenting their infants during the first year of life. Relations between infancy 

risk factors and maladaptive developmental outcomes in the larger longitudinal cohort have 

been well characterized from infancy to adulthood (70–73).

At age 29, 33 participants were relocated and screened for inclusion in the current study. 

Eighteen met inclusion criteria and participated in the MRI study. The remaining subjects 

did not meet MRI safety criteria or reported substance abuse in the past six months or had a 

significant medical or neurological condition. All participants except one were right-handed. 

Seventy-two percent of study participants had been referred for parent-infant clinical 

services during the first 18 months of life.

Participants in the MRI study were representative of the larger longitudinal cohort from 

which they were recruited. They did not differ from the remainder of the cohort in family 

demographic characteristics (effect sizes: family income η = .205, p = .130; male gender φ 
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= − .136, p = .234; mother single parent φ = −.022, p = .867; mother high school only φ =− .

026, p =.848; ethnic minority status φ = .052, p = .652; severity of childhood maltreatment 

(η = .100, p = .460); or extent of Axis I or Axis II psychopathology on the SCID in 

adulthood (η = .045–.032, p = .753 − .845). Participants were marginally more likely than 

non-participants to have been referred for clinical services in infancy (φ = .219, p = .093 and 

to have been classified in the Strange Situation Procedure as having a disorganized 

attachment in infancy (φ = .235, p = .084).

2.2. Attachment Assessments in Infancy

Mothers and infants were videotaped in the well-validated Strange Situation Procedure 

(SSP) at 18.58 (±1.02) months infant age (2, 56). In the SSP, the infant is videotaped in a 

playroom during a series of eight structured 3-minute episodes in which the mother leaves 

and rejoins the infant twice. The procedure is designed to be mildly stressful in order to 

activate the infant’s attachment behavior. Infant attachment behavior was reliably coded by 

coders naïve to all other data (70). The bivariate classification for organized versus 

disorganized attachment was used in this report, following earlier precedent (2). Maternal 

behavior was reliably coded over all episodes of the SSP using the well-validated Atypical 

Maternal Behavior Instrument for Assessment and Classification (AMBIANCE) by coders 

naïve to all other data (74) . Thee. AMBIANCE coding protocol yields a scaled score (1–7) 

for overall Level of Disrupted Communication that takes into account five subtypes of 

maternal disrupted communication: 1) affective communication errors (e.g. giving 

contradictory cues; non-response or inappropriate response to clear infant cues), 2) role 

confusion (e.g. self-referential or sexualized behavior), 3) negative-intrusive behavior (e.g. 

negative attributions about the infant; mocking or teasing the infant; physical intrusiveness), 

4) fearful-disoriented behavior (e.g. appearing frightened by the infant; disoriented 

wandering in infant’s presence), and 5) withdrawal (e.g. fails to greet infant; interacts 

silently; backs away from infant approach). Mothers who are rated at 5 or above on the 

overall Level of Disruption Scale are classified as Disrupted. Validity of maternal 

AMBIANCE classification has been confirmed by meta-analysis in relation to infant 

attachment disorganization (57) and, in individual studies, in relation to adolescent 

psychiatric outcomes (72, 75, 76). Test-retest data indicate substantial stability in maternal 

behavior over periods ranging from 8 months to 5 years, meta-analytic stability coefficient t 
= .56 (N = 203) (57).

The above infant and maternal measures are theoretically and empirically related (57). To 

capture the combined effect of overall attachment disturbance, we also created a summary 

attachment measure as follows: 0 = No maternal or infant attachment disturbance in the 

Strange Situation Procedure; 1 = Disturbance on either maternal or infant assessment in the 

Strange Situation Procedure; 2 = Disturbance on both maternal and infant assessments in the 

Strange Situation Procedure.

2.3. Other Risk Factors in Infancy, Childhood, and Adolescence

Sociodemographic and psychosocial risk factors in infancy were coded from maternal 

interviews at study entry in infancy to yield measures of per person weekly family income 

and maternal psychosocial risk, which was coded positive if any of the following three risk 
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factors were present: 1) mother had a history of psychiatric hospitalization, 2) mother had a 

history of state protective service involvement for maltreating a child, and 3) mother 

reported clinically significant depressive symptoms on the CES-Depression scale, using the 

established cutpoint of ≥16 (77).

Severity of exposure to childhood maltreatment was assessed at age 29 using the 

Maltreatment and Abuse Chronology of Exposure Scale (MACE; (1, 38, 65). The participant 

reports on exposure to ten types of maltreatment during each year of childhood from ages 6 

to 18, including childhood sexual abuse, parental verbal abuse, parental non-verbal 

emotional abuse, parental physical abuse, witnessing of intra-parental physical violence or 

violence toward siblings, peer verbal abuse, peer physical abuse, parental emotional neglect, 

and parental physical neglect. Items within each category were selected using item response 

theory, and category scores were summed to provide a total score, which has shown 

excellent test-retest reliability across age (r = 0.91, n = 75).

Quality of attachment in adolescence was reliably assessed at age 20 using the validated 

Goal-Corrected Partnership in Adolescence Coding System (GPACS; (78)) applied to a 

videotaped conflict discussion task in which parent and young adult discussed a preselected 

topic of conflict in their relationship for 10 minutes. The GPACS coding system includes the 

rating of each videotape on 10 five-point scales. All coders were naïve to other study data. 

Coding of all scales was reliable across raters, ri = .75–.96 (N = 16). Confirmatory Factor 

Analysis of the ten scales yielded one factor indexing Collaborative/Organized interaction 

and three factors indexing disorganized forms of interaction, including Punitive, Disoriented, 

and Role-Confused interaction. Good validity has been demonstrated in relation to 

concurrent psychopathology and relations to romantic partners, as well as to disorganized 

attachment in infancy (78).

2.4. Adult Psychopathology

The Structured Clinical Interview for DSM Axis I was used to assess the presence of Axis I 

disorders (SCID;(79)). The SCID was administered in the laboratory by a trained clinician. 

The SCID yields reliability kappa’s around .61 for current diagnosis and .68 for lifetime 

diagnoses, comparable to other structured diagnostic interviews (80, 81). Diagnoses with 

adequate frequency of occurrence for analysis in the current sample included anxiety 

disorder, major depressive disorder, and substance dependence.

Dissociation was assessed with the Dissociative Experiences Scale (82). The DES is a 28-

item questionnaire assessing the extent of dissociative experiences. Respondents indicate 

how much of the time they experience particular dissociative phenomena on a scale from 0–

100%. A meta-analysis has demonstrated convergent validity with other measures of 

dissociation, predictive validity in relation to Dissociative Identity Disorder, and robust test-

retest reliability (α = .93; (83)).

The Limbic System Checklist-33 (LSCL-33; (64)) evaluates limbic irritability, that is, the 

frequency with which subjects experience symptoms often encountered as phenomena of 

ictaltemporal lobe epilepsy (66). These items consist of paroxysmal somatic disturbances, 

brief hallucinatory events, visual phenomena, automatisms, and dissociative experiences. 
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Psychometric studies have shown that the Limbic System Checklist-33 has high test-retest 

reliability (r = 0.92, N = 16) and scores are strongly influenced by childhood adversity (64).

2.5. Imaging Data Acquisition and Processing

Data were 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 = 1.0 x 1.0 x 1.3mm; slice thickness = 1.33mm) in the sagittal 

plane (scan duration: 6 min). Gray matter volume (GMV) in amygdala, hippocampus, 

caudate and thalamus and total grey matter volume were assessed using FreeSurfer 5.1 

(http://surfer.nmr.mgh.harvard.edu) (84). Although this program originated as a method for 

assessing cortical structure (85–88), it has evolved to include robust tools for subcortical 

volume analyses (84, 89). 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 (89). This procedure has been found to label 

the brain in a manner that is statistically indistinguishable from those provided by 

experienced manual raters (84). 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 (90). Automated segmentation eliminates 

differences between studies and facilitates replication by other investigators (19, 91). 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 (92) for statistical analysis.

2.6. Statistical Analysis

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. Our primary hypothesis was that 

greater attachment disturbance would be associated with greater amygdala volume. 

Therefore our analysis strategy focused on assessing linear effects through partial Pearson 

and point-biserial correlations. Hypothesis testing of relations between neuroimaging 

measures and aspects of developmental history and adult psychopathology was conducted 

using partial correlations controlling for relevant covariates (SPSS 22.0). Multiple 

imputation was employed to estimate missing data (93), using the Markov Chain Monte 

Carlo procedure (94) in SPSS software. The percentages of missing data ranged from 0–

11.1%, well within the recommended ranges for imputation procedures. Mediation analyses 

were carried out using bootstrapping techniques with INDIRECT (95).

We predicted that more severe early attachment disturbance would be associated with 

increased GMV in the amygdala but would not be associated with similar increase in GMV 

in hippocampus, caudate, or thalamus. Thus, we did not adjust the significance of amygdala 

measures for these planned negative control comparisons. In addition, we had hypothesized 

a priori that the amygdala would be most sensitive to observed quality of care in infancy, and 

that this relation would not be accounted for by effects of more distal risk factors in infancy, 

childhood, and adolescence. Therefore, we also did not adjust the significance of amygdala 

measures for these additional planned negative control comparisons.
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3. Results

3.1. Covariates

Total grey matter volume (TGMV) was correlated strongly with amygdala volume and was 

controlled in all analyses to reduce error variance. Given limited degrees of freedom, we 

restricted additional covariates to those showing at least a moderate relationship (r > 0.25) to 

amygdala volume. Age, gender and race were also assessed in relation to amygdala volumes 

and only race (white = 0, black = 1) was retained as a covariate due to its moderate 

association with left amygdala volume (r = 0.34). Age and gender were eliminated due to 

weak relationships once TGMV was controlled. Hence, all partial correlations below are 

adjusted for TGMV and race.

3.2. Descriptive Data for Predictor Variables

In infancy, 67% (n=12) of infants were classified as disorganized in their attachment 

behavior toward mother and 61% (n=11) of mothers were classified as disrupted in their 

responses to their infants’ attachment cues. On the three-level variable for overall attachment 

disturbance, 16.7% (n=3) displayed no disturbance on either infant or maternal assessments, 

38.9% (n=7) displayed disturbance on one assessment, and 44.4% (n=8) displayed 

disturbance on both assessments. Descriptive data on other measures are shown in Table 2.

3.3. Overall Attachment Disturbance in Infancy

Controlling for relevant covariates, we first assessed whether greater overall attachment 

disturbance was associated with greater amygdala volume, as hypothesized1. Overall 

attachment disturbance at 18 months of age was strongly predictive of adjusted left 

amygdala volume in adulthood (partial r = .679, df = 14, p = .004, 95% CI = .31–.87; Figure 

1). This association was significantly stronger than the correlation between overall 

attachment disturbance and adjusted right amygdala volume (right partial r = −.048, p = .

860, 95% CI =−0.5–.43; Meng’s test for dependent correlations Z = 2.343, p = .020) (96). 

This asymmetry was also reflected in an increased laterality index (r = .513, df = 16, p = .

030, 95% CI = .06–.79). Overall attachment disturbance accounted for 14.8% of variance in 

volume of the left amygdala.

As expected, overall attachment disturbance was not significantly related to hippocampal 

(left partial r = .177, p = .512, 95% CI = −.32–.59; right partial r = .400, p = 0.125, 95% CI 

1Given low power, our primary analysis strategy focused on assessing a linear effect through Pearson and point biserial partial 
correlations. However, we further tested the robustness of these effects by treating overall attachment disturbance, maternal disrupted 
communication, and infant disorganization as categorical variables in an ANCOVA, with TGMV and race as covariates. Consistent 
with the previous analyses, there was a significant between-group effect of overall attachment disturbance on left amygdala volume, F 
(2, 13) = 5.97, p = .031. Post-hoc comparisons revealed that the group with both maternal and infant attachment disturbance (95% CI 
1461.8–1604.3) had greater left amygdala volume compared to the groups with no attachment disturbance (95% CI 1363.3–1575.3; p 
= .008) and with either maternal or infant attachment disturbance alone (95% CI 1591.0–1729.6; p = .029). The group with either 
maternal or infant attachment disturbance alone did not differ significantly from the group with no attachment disturbance (p = .314). 
However, the very low power for examining subgroup differences should be taken into account in interpreting the post-hoc 
comparisons. Similarly, for maternal disrupted interaction there was a significant between-group effect of disrupted interaction on later 
left amygdala volume, F (1,14) = 7.72, p = .017 (not-disrupted 95% CI = 1414.6–1567.7; disrupted 95% CI 1566.1–1685.3), as well as 
a significant between-group effect of infant attachment disorganization on left amygdala volume, F (1, 14) = 5.95, p = .031 (organized 
95% CI = 1391.3–1574.3; disorganized 95% CI = 1554.2–1669.6). For right amygdala volume, there were no between-group effects 
of overall attachment disturbance (F (2, 13) = .06, p = .940), maternal disrupted interactions (F (1, 14) = 1.22, p = .328), or infant 
disorganization (F (1, 14) = .36, p = .597).

Lyons-Ruth et al. Page 9

Behav Brain Res. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= −.08–.73), caudate (left partial r = .410, p = .115; right partial r = .400, p = .125, 95% CI = 

−.07–.74), or thalamic (left partial r = .210, p = .435, 95% CI = −.29–.62; right partial r = .

052, p = .848, 95% CI = −.43–.51) volumes. However, the size of the relations to right 

hippocampus and left and right caudate suggests that further work may be warranted in 

larger samples.

Given these initial findings, overall attachment disturbance was decomposed into the 

separate variables for maternal disrupted interaction and infant disorganization. Both 

maternal (partial r = .595, p = .015, 95% CI = .18–.83) and infant (partial r = .543, p = .030, 

95% CI = .1 –.81) assessments were strongly predictive of left amygdala volume. Relations 

to right amygdala volume were not significant (maternal partial r = −.272, p = .308, 95% CI 

= −.66–.22; infant partial r = .146, p = .590, 95% CI = −.34–.57). 1

Given the significant prediction from maternal disrupted communication found above, we 

also examined the five component scores for types of maternal disrupted interaction. 

Consistent with animal data on low maternal responsiveness, maternal withdrawing behavior 

and contradictory communications made the strongest contributions to left amygdala volume 

(withdrawing partial r = .397, p = .128, 95% CI = −.09–.73; contradictory communications 

partial r = .405, p = .120, 95% CI = −.08–.73). Though not reaching significance with this 

sample size, these moderate effect sizes suggest that further work on maternal withdrawal 

and contradictory cues to the infant would be fruitful. Other types of disturbed interaction 

were negligible or negative in effect, including negative intrusive behavior (partial r = .111, p 
= .682, 95% CI = −.38–.55), role confusion (partial r = −.280, p = .294, 95% CI = −.66–.22), 

and disorientation (partial r = −.190, p = .481, 95% CI = −.60–.30).

3.4. Other Risk Factors in Infancy, Childhood, and Adolescence

We then assessed whether the obtained relation between overall attachment disturbance and 

left amygdala volume could be explained by other risk factors in infancy, childhood, and 

adolescence. In infancy, risk factors such as low family income or maternal psychosocial 

risk might serve as third variables explaining the above relations. However, neither left or 

right amygdala volumes were significantly related to family income (left partial r = −.054, p 
= .843, 95% CI = −.51–.42; right partial r = −.374, p = .154, 95% CI = −.72–.11) or presence 

of serious maternal psychosocial risk (history of psychiatric hospitalization, involvement 

with state protective services, or high depressive symptoms; left partial r = −.003, p = .991, 

95% CI = −.47–.46; right partial r = −.218, p = .417, 95% CI = −.62–.28). In addition, 

controlling for these risk factors did not alter the significant relation of overall attachment 

disturbance to left amygdala volume, Fchg (1,10) = 6.22, p = 0.032, R2
chg = 0.090.

Because later difficulties in family relationships might also serve as third variables 

accounting for prediction from overall attachment disturbance to later amygdala volume, we 

then assessed whether severity of childhood maltreatment might account for the obtained 

association between amygdala volume and attachment disturbance. Severity of maltreatment 

was unrelated to left amygdala volume (left partial r = −.006, p = .982, 95% CI = −.47–.46). 

In addition, controlling for severity of maltreatment did not alter the relation of overall 

attachment disturbance to left amygdala volume, Fchg(1,12) = 7.07, p = .020, R2
chg = .090.
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In relation to right amygdala, however, and consistent with other literature, severity of 

maltreatment was moderately associated with increased volume (partial r = .377, p = .150, 

95% CI = −.11–.72). The effect did not reach significance with this sample size, but the 

effect size was similar to those that did reach significance in studies with larger samples 

(38).

Finally, we assessed whether later attachment disturbance in adolescence might account for 

the link between early attachment disturbance and left amygdala volume. However, none of 

the three forms of disturbed attachment in adolescence were significantly related to left or 

right amygdala volume (punitive left partial r = .151, p = .577, 95% CI = −.34–.58; right 

partial r = −.179, p = .507, 95% CI = −.6–.31; disoriented left partial r = −.006, p = .982, 

95% CI = −.47–.46; right partial r = −.237, p =.377, 95% CI = −.63–.26; role-confused left 

partial r = .209, p = .437, 95% CI = −.29–.62; right partial r = −.293, p = .271, 95% CI = −.

20–.67). In addition, controlling for all three forms of attachment disturbance in adolescence 

did not alter the relation of early attachment disturbance to left amygdala volume, Fchg(1, 

11) = 12.50, p = .005, R2
chg = .15.

3.5. Psychiatric Symptoms in Adulthood

The last set of analyses assessed whether enlarged left amygdala volume had functional 

significance for psychiatric outcomes in adulthood. The three psychiatric diagnoses with 

sufficient frequency for analysis in this cohort (anxiety disorder, major depressive disorder, 

lifetime substance dependence) were not significantly related to left amygdala volume 

(anxiety partial r = .428, p = .098, 95% CI = −.05–.75; major depression, partial r = −.111, p 
= .682. 95% CI = −.55–.38; substance dependence, partial r = .404, p =.121, 95% CI = −.

08–.73). However, again, the effect sizes for anxiety disorders and substance dependence 

were moderate and warrant further investigation in larger samples. Right amygdala volume 

was unrelated to these disorders (anxiety disorder: partial r = −.090, p = .740, 95% CI = −.

39–.53; major depression: partial r = −.031, p = .909, 95% CI = −.49–.44; substance 
dependence: partial r = −.154, p = .569, 95% CI = −.58–.34).

In contrast, left amygdala volume was strongly related to both dissociative symptoms 

(partial r = .586, p = .017, 95% CI = .16–.83) and limbic irritability (partial r = .770, p = .

001, 95% CI = .47–.91). There were no corresponding associations between right amygdala 

volume and either limbic irritability (partial r = .032, p = .906, 95% CI = −.44–.49) or 

dissociative symptoms (partial r = −.310, p = .242, 95% CI = −.68–.18) (Figure 2).

Similar to left amygdala volume, early attachment disturbance was also strongly related to 

both dissociation and limbic irritability but did not reach significance for the three 

psychiatric disorders above (Table 3). However, the moderately strong relation between 

attachment disturbance and substance dependence (r = .422) indicates a fruitful direction for 

further work.

Finally, we assessed whether left amygdala volume might mediate the relation between early 

attachment disturbance and later dissociation and limbic irritability. Mediation analyses, 

using recommended bootstrapping methods (95), indicated that the prediction from overall 

attachment disturbance in infancy to limbic irritability in adulthood was mediated by 
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increased volume of the left amygdala (bias-corrected confidence interval did not contain 

zero (CI 2.05–13.27); Figure 3). In regards to dissociation, mediation by left amygdala 

volume of the relation between early attachment disturbance and later dissociation could not 

be confirmed with this modest sample size (CI −.25–4.52).

4. Discussion

Congruent with animal studies on poor maternal care (10, 11) and human data on 

institutional care (21, 24, 39), the present findings underscore the potential importance of the 

quality of early maternal care for the development of the amygdala. In addition, these 

findings add to the evidence base that human amygdala volume is sensitive not only to very 

atypical rearing conditions, such as institutional care, but also to serious disturbances in 

maternal care observed among infants reared at home (21, 25).

The high rate of infant attachment disorganization in this sample (67%) points to a high level 

of disturbance, compared to a rate of 15% among infants in middle-income samples (2), 

25 % of infants in low-income families (2), and up to 85–90% of maltreated infants (97–

100). Cyr et al. (100) also found that families with multiple social risk factors, but no 

reported maltreatment, were as likely to have disorganized infants as maltreating families. 

As noted earlier, this was a degree of risk that was evident to pediatric nurses and other 

service providers in the community and, in many cases, resulted in referral to infant mental 

health services.

Notably, attachment assessments are among the best validated assessments of early risk in 

developmental science. Supporting large scale studies and meta-analyses have confirmed 

their relation to concurrent risk factors in infancy and their predictive value for behavior 

problems in childhood (2–4, 54, 101, 102). In addition, these studies have consistently 

pointed to disorganized attachments as the forms of insecure attachment that carry the 

greatest risk for later psychopathology (2–4, 101, 102). Thus, these results suggest that 

further work exploring the neural mechanisms associated with deviations in early attachment 

relationships may be particularly fruitful for understanding developmental trajectories 

toward pathology.

The specificity of the effect of early disturbance on regional brain volumes was also 

important. We hypothesized that the amygdala would be most affected by quality of early 

care compared to hippocampus, thalamus, or caudate, based on evidence that the amygdala 

has high glucocorticoid receptor density (7) and is developing more rapidly shortly after 

birth (9). In accord with expectations, these other regions were not strongly or significantly 

related to early attachment disturbance. However, as noted, the medium effect sizes for left 

and right caudate (103) and right hippocampus, while not as strong as those for the 

amygdala, may warrant further study in larger samples.

In addition, the effect of early care on amygdala volume in adulthood was not explained by 

intervening family disturbances in childhood and adolescence, including both severity of 

childhood maltreatment and observed disturbances in attachment in adolescence. Thus, this 
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work adds to the evidence from animal models that early stress-related dendritic growth in 

the amygdala may be resistant to change (10–12, 15).

The results also contribute additional intriguing evidence regarding the possibility of 

differences in left versus right amygdala sensitivity to the types and timing of critical 

stressors in infancy and childhood. While both left and right amygdala develop shortly after 

birth, the left amygdala develops more rapidly, while the right amygdala has a more 

prolonged developmental period (9). In addition, left amygdala has been shown to be 

particularly responsive to maternal stimuli in childhood (104), as well as to the 

discrimination of family faces more generally (105). Such findings are consistent with the 

motivational hypothesis emerging from EEG studies that the left hemisphere is more 

involved in motivating approach behavior and the right hemisphere is more involved in 

motivating avoidance behavior (106). Thus, right amygdala may be differentially responsive 

to negative or threatening stimuli (107–109), and alterations in structure (38, 109, 110) of 

the right amygdala in adulthood have been particularly related to exposure to childhood 

maltreatment. Also notably, compared to cross-sectional controls, the same participants 

studied here exhibited right amygdala enlargement in relation to the severity of maltreatment 

in middle childhood, with peak effect from maltreatment between 10 and 11 years of age 

(38), but show left amygdala enlargement here in relation to quality of early care. These 

differential effects within the same subjects, using well-validated assessments of both early 

care and later maltreatment, suggest some differential hemispheric sensitivity to type and 

timing of childhood stressors.

The profile of maternal behavior associated with left amygdala enlargement was similar to 

that described in the translational literature on low responsive mothers, with mothers’ 

withdrawing behaviors (e.g. failure to greet, backing away from the infant, interacting from 

a distance, interacting silently) and contradictory communications (failure to respond 

appropriately to clear infant cues; mixed communications such as sweet voice but negative 

message) showing the largest associations with amygdala volume (r = .397 and .405, 

respectively). In contrast, mother’s negative-intrusive, disoriented, and role-confused 

behaviors showed negligible to negative associations to left amygdala volume (r = .11, −.19, 

and −.28, respectively). Behavioral studies have confirmed that, even in the context of 

overall disorganization, maternal withdrawing behavior is associated with higher levels of 

infant approach behavior, while maternal negative- intrusive, disoriented, and role-confused 

behaviors are associated with increased infant avoidance of the mother (74). Thus, the 

mother’s relative unavailability to the infant may be important in stimulating infant 

hypervigilance to the mother’s whereabouts and infant approach motivation, mediated in 

part by the left amygdala.

Consistent with this thinking, the infant’s disorganized behavior is thought to indicate that 

the infant cannot organize a strategy of consistently avoiding or consistently approaching the 

caregiver and, instead, exhibits confused, contradictory or aborted attempts to approach the 

mother for comfort. While consistent avoidance of the mother at reunion has been associated 

with maternal irritation, anger, rejection, and interfering behavior (56, 74, 111–113), infant 

disorganized behavior has been associated with mixed signs of both maternal hostility and 

withdrawal (57, 74, 114). The patterning of maternal data here suggests that the mother’s 

Lyons-Ruth et al. Page 13

Behav Brain Res. Author manuscript; available in PMC 2017 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



withdrawal and contradictory communications may be particularly important to the left 

amygdalar effects related here to disorganized attachment, in contrast to the right 

hemisphere effects recently associated with infant organized avoidant behavior (49).

Finally, intriguing findings from rodent models indicate that low maternal responsiveness 

(LMR) is related to differential left hemisphere responding in medial prefrontal cortex 

(mPFC). Animals exposed to LMR develop excessive hemispheric asymmetry in mPFC DA 

stress responsivity, such that peak DA stress responses in left mPFC of LMR animals are 

two to three times greater than those of controls (115). Although mPFC and amygdala have 

extensive bidirectional connections and often function in tandem (110, 116, 117), these 

mPFC findings on greater left responding under conditions of deprived care are suggestive 

but have yet to be extended to amygdala structure or function.

In relation to the current findings, one potential hypothesis is that low levels of maternal care 

differentially activate the left amygdala and promote infant hypervigilance to the 

whereabouts of the mother, possibly also dampening early right amygdala activity (115). In 

this view, the amygdala may be lateralized to respond differentially to different evolutionary 

threats to survival, and this laterality may be enhanced under threat of abandonment. Models 

of prototypic threat have focused on threat of attack, with prototypic responses of fight, flee, 

or freeze. An equally potent survival threat to the infant is the threat of neglect or 

abandonment by the caregiver. Fight, flight, or freeze responses would be counterproductive 

in response to maternal withdrawal and might decrease survival. When the mother is 

withdrawn or inattentive, the adaptive response is to increase the intensity of the distress 

signal to the parent and to pursue proximity and contact with the parent, that is, to seek and 

squeak rather than to fight or flee.

The consequences of increased left amygdala volume for adult symptomatology further 

suggest the potential clinical implications of the present findings. The Limbic System 

Checklist-33 (LSCL-33) was created to test the hypothesis that childhood adversity kindled 

the amygdala and associated limbic system and increased the occurrence of symptoms 

characteristically observed in individuals with temporal lobe epilepsy (64). In previous 

work, these ‘limbic irritability’ symptoms were dramatically elevated among adults with 

maltreatment histories (33, 63, 65, 118). In addition, a significant inverse correlation has 

been found between LSCL-33 ratings and integrity of left fornix (119), integrity of left 

inferior longitudinal fasciculus (62), and T2-relaxation time (an indirect measure of relative 

cerebral blood flow) in the cerebellar vermis (120). These fiber tracts and regions all have 

specific connections to components of the limbic system (121). Current findings using a 

prospective design extend this work to indicate that limbic irritability is also predicted by 

serious disturbances in the attachment relationship in infancy. Notably, this prediction is 

mediated here by increased volume of the left amygdala.

Despite these suggestive 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) (122). Based on randomized animal models, possible 

neurobiological mechanisms relating early attachment disturbance to increased left 

amygdala volume include both early stress-related overproduction of new spines in the 
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amygdala and later inadequate pruning. In addition, because amygdala volume was assessed 

in adulthood, non-linear developmental change in regional volumes and intervening stressful 

events that were not measured here may have influenced the relation between quality of 

early care and left amygdala volume. Although we examined the intervening factors most 

prominent in current literature, other factors may have been involved in mediating the 

observed relation. In addition, the small sample size makes this a ‘proof of construct’ 

preliminary study that needs to be followed up by larger longitudinal studies of limbic 

development in relation to quality of care in infancy. We are currently conducting one such 

study.

Although there is current concern regarding replicability of small sample findings in 

neuroscience (123) we would argue that small-scale, carefully done exploratory studies play 

an important role in emerging areas of science, by exploring a broad range of possible 

influences and assessment paradigms to identify those that warrant more expensive and 

long-range studies. Committing to large-scale studies too soon in the development of a field 

runs the risk of foreclosing this exploratory phase and weakening rather than strengthening 

future work.

5. Conclusions

In conclusion, the results suggest that disorganized early attachment relationships may have 

long-term effects on later adaptation by promoting increased volume in the left amygdala 

that contributes to increased irritability in limbic pathways. These findings also suggest that 

the first two years of life may be an early sensitive period during which clinical intervention 

could preempt long-term consequences of early attachment disturbance.
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Research Highlights

• Attachment disturbance in infancy predicts larger left amygdala volume 

in adulthood.

• Prediction is independent of later maltreatment and later attachment 

quality.

• Attachment disturbance also predicts adult dissociation and limbic 

irritability.

• Left volume mediates the relation between early attachment and limbic 

irritability.

• Disturbed infant attachment may affect adult amygdala volume and 

psychopathology.
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Figure 1. Amygdala volume in adulthood and infant attachment disturbance
Amygdala volume was normalized and adjusted for total grey matter volume and race. Left 

(r = .679, p = .004) but not right (r = −.048, p = .860) amygdala volume was related to 

overall attachment disturbance.
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Figure 2. Amygdala volume and adulthood psychopathology
Amygdala volume was normalized and adjusted for total grey matter volume and race. Left 

amygdala volume was strongly related to both limbic irritability (r = .770, p = .001) and 

dissociative symptoms (r = .586, p = .017) in adulthood, controlling for total grey matter 

volume and race.
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Figure 3. Left amygdala volume mediating the relation between infant attachment disturbance 
and limbic irritability in adulthood
The association between attachment disturbance and limbic irritability in adulthood was 

mediated by adjusted left amygdala volume. The values in the figure are r coefficients 

(bootstrap standard error) for each path. Path a1, direct effect of attachment disturbance on 

left amygdala volume. Path b1, direct effect of left amygdala volume on limbic irritability. 

Path c’, direct effect of attachment disturbance on limbic irritability. Path c, total effect of 

attachment disturbance on limbic irritability. Indirect effect ab = .481 [95% CI = .175–

0.977], p < 0.01. * p < .05, ** p < .01.
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Table 1

Overview of measured variables

Procedure Measured variables

Infancy visit (Age 18 months)

Strange Situation Procedure (SSP) Infant attachment disorganization
Maternal disrupted communication
Overall attachment disturbance

Maternal background interviews Family income/person/week
Maternal psychosocial risk

Adolescent visit (Age 20)

Adolescent-parent conflict discussion Disorganized and controlling attachment interactions

Adult visit (Age 29)

Magnetic resonance imaging Brain gray matter volume in amygdala, hippocampus, caudate and 
thalamus; total grey matter volume

Maltreatment and Abuse Chronology of Exposure Scale (MACE) Severity of childhood maltreatment

Structured Clinical Interview for DSM Axis I (SCID I) Anxiety disorders
Major depressive disorder
Substance dependence

Dissociative Experiences Scale (DES) Dissociative symptoms

Limbic System Checklist-33 (LSCL-33) Limbic irritability
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Table 2

Descriptive data

Mean ± SD or N (%)

Adult characteristics

Age (yrs.) 29.3 ± 0.5

Female 10 (57%)

White 14 (78%)

Single 11 (61%)

College degree 2 (11%)

Psychosocial risk factors in infancy

Family income/person/week $45.3 ± 22.6

Mother any psychosocial risk 12 (66.7%)

Childhood and adolescent risk factors

Childhood maltreatment

 Severity of childhood maltreatment 26.8 ± 14.5

Attachment disturbance in adolescence

 Punitive interaction 2.2 ± .6

 Caregiving interaction 2.2 ± .9

 Disoriented interaction 1.5 ± .6

Adult symptomatology

Anxiety disorder 4 (22.2%)

Major depressive disorder 4 (22.2%)

Substance dependence 7 (38.8%)

Dissociative symptoms 7.1 ± 4.6

Limbic irritability 16.9 ± 9.2

Note. N = 18
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Table 3

Relations between Overall Attachment Disturbance and Psychiatric Symptoms in Adulthood

Overall attachment disturbance

Pearson partial r (95% CI)

Anxiety disorder .111 (−.38–.55)

Major depressive disorder −.119 (−.56–.37)

Substance dependence .422x (−.06–.74)

Dissociative symptoms .586** (.16–.83)

Limbic Irritability .606** (.19–.84)

Note.

X
p <.10,

**
p < .01.
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