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Abstract

Investigating the developmental sequelae of early life stress has provided researchers the
opportunity to examine adaptive responses to extreme environments. A large body of work has
established mechanisms by which the stressful experiences of childhood poverty, maltreatment,
and institutional care can impact the brain and the distributed stress systems of the body. These
mechanisms are reviewed briefly to lay the foundation upon which the current neuroimaging
literature has been built. More recently, developmental cognitive neuroscientists have identified a
number of the effects of early adversity, including differential behavior and brain function. Among
the most consistent of these findings are differences in the processing of emotion and reward-
related information. The neural correlates of emotion processing, particularly frontolimbic
functional connectivity, have been well studied in early life stress samples with results indicating
accelerated maturation following early adversity. Reward processing has received less attention,
but here the evidence suggests a deficit in reward sensitivity. It is as yet unknown whether the
accelerated maturation of emotion-regulation circuits comes at the cost of delayed development in
other systems, most notably the reward system. This review addresses the early life stress
neuroimaging literature that has investigated emotion and reward processing, identifying important
next steps in the study of brain function following adversity.
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Introduction

The important influence of early experience on later development is a core tenet of
developmental science. Indeed, a large proportion of the developmental psychology
literature focuses on the early years of life as a period of rapid change, laying the foundation
for much of an individual’s physical, emational, and cognitive development. Given this, it is
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unsurprising that the experience of stress in infancy and childhood is associated with an
increased probability of atypical outcomes. Indeed, adverse early environments have been
suggested to contribute to up to 45% of child-onset and over 30% of adult-onset mental
health disorders (Green et al., 2010; McLaughlin et al., 2010). These atypical outcomes are
thought to arise in part due to adaptive responses of physiological stress systems. When
individuals are exposed to stress a number of biological systems become more active,
providing the resources that the body and brain need to respond appropriately. As such,
many of the atypical outcomes associated with early life stress (ELS) may be adaptive in the
immediate adverse environment but detrimental across the life course. Whether or not these
immediately adaptive but ultimately detrimental outcomes are the result of developmental
trade-offs initiated by the responses of stress-mediating systems is a crucial question for
understanding the neurobiological outcomes of ELS.

Any discussion of brain development following ELS must be rooted in the underlying
mechanisms by which stress “gets under the skin” (McEwen, 2012). This particular turn of
phrase has been used to characterize the effects of stressful experiences in several systems
associated with emotion and reward processing, particularly in the context of the
neuroendocrine stress system (Carlson & Earls, 1997; Danese & McEwen, 2012; Hostinar,
Sullivan, & Gunnar, 2014). Of all the systems involved in the developmental trajectories
precipitated by ELS, the hypothalamic-pituitary-adrenal (HPA) axis may be the most
influential and well-studied. The HPA axis acts to mobilize metabolic resource in response
to external threats of sufficient intensity or specific typology (e.g. life-threatening situations
or psychosocial evaluation, respectively) and shape brain systems in anticipation of future
threats. Cortisol is the primary end-hormone of this system. Importantly, basal levels of
cortisol are important for maintaining healthy brain development and function (McEwen et
al., 2015). Repeated exposures to high levels of cortisol or its releasing hormone
(corticotropin releasing hormone), however, can have negative effects throughout the brain.
For example, elevated levels of cortisol exposure over periods of 48 to 72 hours can promote
the formation of free radicals that are toxic to neurons themselves (Du et al., 2009). Further,
animal models of chronic stress have also been related to dendritic shrinkage in the rat
hippocampus; inhibited activity in the pituitary, hypothalamus, hippocampus, and amygdala;
and reduced cell proliferation in subcortical structures (Hill & McEwen, 2010; McEwen et
al., 2015; Treccani et al., 2014). Similar effects have been reported in humans with
experiences of physical abuse, early neglect, and low socioeconomic status during childhood
(Hanson, Nacewicz, et al., 2015; Hoy et al., 2012; Sheridan, Fox, Zeanah, McLaughlin, &
Nelson, 2012). Understanding the effects of the neuroendocrine stress system on brain
structure and function allows for the elucidation of one pathway by which experiences of
poverty, childhood maltreatment, and institutional care shape the development of children.

Appreciating the mechanisms by which stress affects development helps to inform the focus
of the current review: the effects of ELS on the central organ of stress and adaptation, the
brain. Many of the physiological stress systems that are responsive to stress originate in the
brain, while also feeding back on the brain to alter its structure and function. A large amount
of research has been done to investigate the structure and functional activation of specific
regions of interest in individuals who have experienced ELS (Bick & Nelson, 2016; Teicher,
Samson, Anderson, & Ohashi, 2016). Of special interest here, however, are the changes in
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distributed patterns of functional activity that have been observed following ELS. Recently,
neuroimaging methods have emerged that allow for the quantification of brain function at a
larger scale—evaluating dynamics within- and between-systems in an effort to understand
normative and nonnormative patterns of development (Bassett & Sporns, 2017). Central to
these new methods is the correlation of neural activity across time in two or more brain
regions, termed functional connectivity. Studies of functional connectivity have begun to
elucidate the developmental sequalae of ELS on the level of neural circuits, or networks,
providing a new window into the associations between early adverse experiences and
psychopathology.

In addition, we will focus on the effects of ELS on two domains of interest, emotion and
reward, and their underlying neural circuitry. These behaviors were selected for several
reasons: (a) behavioral studies of ELS suggest that emotion- and reward-processing are
impacted by early adversity, (b) there are known neurobiological mechanisms by which ELS
impacts the neural systems supporting emotion processing and reward sensitivity, and (c)
neural responses to emotional and rewarding stimuli are associated with the emergence of
stress-related psychopathology (e.g. Bogdan, Nikolova, & Pizzagalli, 2013; Hanson, Hariri,
& Williamson, 2015; Marusak, Martin, Etkin, & Thomason, 2015).

The literature reviewed here describes how functional connectivity may provide novel
avenues for the study of the impact of ELS on neural function and could reveal a
developmental trade-off resulting from accelerated maturation following stress. Specifically,
this review will first outline the construct of ELS and how early adversity is characterized.
Next, the extant functional neuroimaging literature is discussed with an emphasis on
emotion and reward processing in functional connectivity-based analyses and their
connection to the development of psychopathology. Finally, a synthesis of the data is
offered, including a discussion of the path ahead for studies of brain connectivity following
ELS.

Defining Early Life Stress: General and Specific Effects

Early life stress is the result of adversities that produce frequent or chronic activation of
stress-responsive physiological systems. These adversities either deprive infants and children
of the social and/or physical care needed thus creating conditions that threaten homeostasis
or confront them with conditions that provoke fear and anxiety. In either case, stress-
responsive physiological systems are activated with prolonged exposure to these conditions
dysregulating the subsequent function of the stress systems themselves (e.g., producing
allostatic load; Koss & Gunnar, 2018).

While a common element is activation of stress biology, adversity can take many forms.
There is, as yet, no consensus on how to group or classify these conditions. It has been
common to simply sum up the number of types of adversity experienced (i.e., cumulative
risk models; Rutter, 1981; but see also adverse childhood experiences or ACEs; Dube et al.,
2003; Felitti et al., 1998). Cumulative risk models grew out of recognition that often
exposure to one type of adversity does not seriously impact development, but as risks
accumulate, development suffers.
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The most commonly studied forms of ELS are characterized by an accumulation of
adversity. For example, poverty is typically a chronic, multi-dimensional stressor. In addition
to insecure housing and nourishment, poverty increases the likelihood of exposure to
violence and maltreatment (Evans, 2004). In one study, the proportion of childhood spent in
poverty was linearly associated with decreased working memory performance in young
adulthood (Evans & Schamberg, 2009). Likewise, maltreated children typically experience
multiple types of abuse, but it is not only the types and frequency of abuse (Cicchetti, 2013),
but the duration and age of exposure that matters (Cowell, Cicchetti, Rogosch, & Toth,
2015). Thus, for example, while maltreatment is associated with lower cognitive
functioning, the magnitude of these effects is a function of chronicity (Cowell et al., 2015).
Results like those of Cowell and colleagues (2015) emphasize the importance of considering
the timing of stressful experiences when studying early adversity. However, due to the nature
of stressful experiences it is often difficult to isolate stress in a single developmental period.

Children adopted or fostered from institutions aid investigation of developmental timing by
providing a model of ELS that is typically limited to the first few years of life when neural
systems are highly plastic. Institutional care often deprives infants and young children of
responsive caregiving as care is regimented and occurs in an assembly line fashion. There is
little one-on-one interaction and often little chance for cognitive or social stimulation
(Zeanah, Smyke, Koga, & Carlson, 2005). Once adopted, children experience adequate to
good care in well-resourced homes. Researchers investigating the effects of institutional care
have reported smaller gray matter volumes, lower executive function skills, and atypical
reward processing (Humphreys et al., 2015; Merz, Harlé, Noble, & McCall, 2016; Sheridan
etal., 2012). Interestingly, a small body of literature has begun to associate the age at
adoption (a measure linked to the duration of institutional care) with increased difficulty in
reward-related tasks and brain volume (Hodel et al., 2015; Sheridan et al., 2018). Each of
these models of ELS (poverty, maltreatment, and institutional rearing) provide important
insights into the effects of adversity on brain and behavior development while also providing
opportunities to assess the importance of developmental timing for outcomes following
stress exposure.

As is apparent above, most of the work on ELS deals with populations exposed to multi-
faceted adversities. This makes it difficult to isolate stimuli associated with particular neural
or behavioral outcomes. Lately there has been a call for organizing our assessments of ELS
to match the definition provided above. Specifically, assessing degrees of deprivation versus
threat (McLaughlin & Sheridan, 2016). As such, investigations examining samples of
individuals who have experienced childhood poverty, childhood maltreatment, or regimented
care in institutional settings have begun to disentangle the specific outcomes associated with
each type of stressful experience. For example, individuals exposed to abuse or violence do
not exhibit strong differentiation of aversive and non-aversive cues during fear conditioning
(McLaughlin et al., 2016), while individuals who have experienced institutional care exhibit
hypo-responsivity to reward (Mehta et al., 2010). Although this recent work is exciting,
there are, as yet, few imaging studies that have used these dimensional approaches. Thus, we
will review the field in its current state, recognizing that it is challenging to know how to
unpack—or even whether to unpack—specific types of adversity that lead to excessive stress
system activity early in life.
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Emotion Processing, Reward Sensitivity, and Brain Structure Following

ELS

Behavioral work has established stark differences in emotion processing following ELS,
including findings in the rodent and human literature. In one exemplary study, rat pups
raised in a stressful, maternal deprivation model demonstrated altered freezing behavior in
odor preference tests, suggesting altered emaotion processing circuitry in early life
(Moriceau, Shionoya, Jakubs, & Sullivan, 2009). Research in humans experiencing trauma
during childhood or adolescence has found similar results, including increased attention
toward social-threat stimuli in a dot-probe task (Dalgleish, Moradi, Taghavi, Neshat-Doost,
& Yule, 2001). Further, adults with documented cases of childhood maltreatment exhibit
poorer affective picture recognition, even decades following the experience of abuse (Young
& Widom, 2014).

Differences in reward sensitivity have also been observed following ELS. Humphreys and
colleagues (2015) reported that post-institutionalized youth were more likely to avoid losses
than non-adopted youth, despite gaining less reward as a result. Further, post-
institutionalized youth do not exhibit performance advantages on reward trials compared to
no-reward trials in an anti-saccade task (Mueller et al., 2012). Similar effects have recently
been observed in a randomized control trial of ELS, the Bucharest Early Intervention Project
(Sheridan et al., 2018). In this project, children who remained in institutional care for the
first 5 years of life, on average, failed to improve their performance in response to reward in
a modified monetary incentive delay task at age 13, while those assigned to leave the
institution for foster care by two years on average did improve. In that study, reward
sensitivity mediated the relationship between the amount of time spent in institutional care
and the development of depression. The behavioral effects summarized to this point
represent a small portion of a substantial literature documenting the effects of ELS on the
processing of emotion and reward, but demonstrate the importance of research investigating
alterations in brain structure and function that may mediate the associations between ELS
and these behaviors.

Turning now to brain structure, research examining the effects of ELS on brain structure has
largely reported smaller brain volumes following early adversity. A wide range of brain
regions have been observed to be smaller in low socioeconomic status infants and children
compared to high socioeconomic status individuals, including frontal, parietal, and temporal
cortex, as well as subcortical structures and total gray matter (Hair, Hanson, Wolfe, &
Pollak, 2015; Hanson et al., 2013; Luby et al., 2013). Interestingly, the direction of effect in
the amygdala changes in young adulthood such that higher cumulative socioeconomic risk is
associated with larger amygdala volume—an effect that is similar to investigations of age at
adoption in post-institutionalized samples (Evans et al., 2016; Tottenham et al., 2010). In
maltreated samples, longitudinal, cross-sectional, and meta-analytic work has established
reduced volume in the prefrontal cortex, amygdala, and hippocampus compared to non-
maltreated individuals (e.g. Carrion, Weems, & Reiss, 2007; Chaney et al., 2014; Hoy et al.,
2012; Paquola, Bennett, & Lagopoulos, 2016; Pederson et al., 2004; Sheffield, Williams,
Woodward, & Heckers, 2013; among others). Finally, institutional care has also been
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associated with decreased brain volume in total and prefrontal gray matter as well as reduced
cortical thickness compared to never institutionalized youth (Hodel et al., 2015; McLaughlin
et al., 2014; Nelson, Bos, Gunnar, & Sonuga-Barke, 2011; Sheridan et al., 2012).
Importantly, changes in brain structure are also associated with the behavioral differences
described earlier in this section, including associations between increased anxiety an
increased amygdala volume and more inattention as a function of reduced cortical thickness
in post-institutionalized youth (McLaughlin et al., 2014; Tottenham et al., 2010).

The work discussed in this section emphasizes the general effects of ELS on behavior, brain

structure, and their interaction. Consistent with these findings, brain function is also affected
by early adversity. In the sections that follow we will focus on brain function associated with
emotion processing and reward processing following ELS.

Brain Function Following ELS

Brain Function During Emotion Processing After ELS

The pattern of results in investigations of emotion-related amygdala function is largely
consistent among experiences of deprivation and threat. For example, increased amygdala
activation has been reported in emotional contexts following experiences of childhood
poverty, maltreatment, and institutional care (Javanbakht et al., 2016; Kim et al., 2013;
McLaughlin, Peverill, Gold, Alves, & Sheridan, 2015; Tottenham et al., 2011). Importantly,
increased amygdala activation during emotion processing is associated with improvements
in behavior including increased eye-contact during dyadic interactions. Such findings
suggest that increased amygdala activation to emotional contexts is beneficial following
ELS.

Unlike amygdala activity, activation in prefrontal and striatal regions differ based on the type
of adversity experienced. In impoverished and post-institutionalized samples reduced
activity in the dorsolateral prefrontal cortex (dIPFC), ventrolateral prefrontal cortex (VIPFC),
and nucleus accumbens are associated with ELS when participants engage in emotional
reappraisal or view happy faces (Goff et al., 2013; Kim et al., 2013; Liberzon et al., 2014).
Conversely, maltreated individuals tend to show increased activation in dorsal medial
prefrontal cortex (mPFC) during social rejection tasks and in salience-related regions during
emotion processing tasks (McLaughlin et al., 2015; Van Harmelen et al., 2014). Whether
increased activation in prefrontal regions is a compensatory pattern specific to maltreated
individuals in emotional situations or are the result of a more general pattern of increased
activity is not yet clear. Focused investigations of functional connectivity at rest and during
task states may help to interpret these results in the future.

Importantly, experiencing each type of ELS reviewed here is associated with increased
amygdala activity in emotion-laden, and most notably, threatening emotion contexts. As
alluded to above, this is likely an adaptive response to stressful environments early in life.
Whether or not this adaptive developmental response is beneficial later in life, or in a lower
stress environment, remains an open question.
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Brain Function During Reward Processing After ELS

In comparison to the emotion processing circuitry reviewed above, the processing of reward
following ELS has received relatively less attention. Like emotion-processing, there are
consistent differences between the type of ELS experienced and neural activation in the
context of reward. However, in rewarding contexts neural activation is more consistent in
maltreated and post-institutionalized samples while impoverished samples exhibit different
patterns of activity. For example, while the experience of childhood poverty has been
associated with increased neural response to reward in the nucleus accumbens and mPFC
(Gonzalez, Allen, & Coan, 2016; Romens et al., 2015) diminished activation has been
observed during the anticipation, perception, and receipt of reward in maltreated and post-
institutionalized youth (Boecker et al., 2014; Dillon et al., 2009; Hanson et al., 2016;
Hanson, Hariri, et al., 2015; Mehta et al., 2010). Similar reductions in activity have been
found in anterior cingulate cortex (ACC), middle frontal gyrus (MFG), putamen, and insula
as a function of increased childhood stress (Birn, Roeber, & Pollak, 2017; Boecker-Schlier
etal., 2016).

The inconsistency of reward-related brain function following ELS may be better understood
when the type and timing of stressful experiences are considered. The often chronic nature
of poverty (see Evans, 2004) may increase the salience of reward, helping to explain
increased striatal responses in impoverished samples. Conversely, reduced responses in
abused or socially deprived groups may reflect an adaptive pattern of avoiding unpredictable
harm or loss. As such, it is unclear whether altered reward sensitivity is protective, reducing
the likelihood of risky behavior, or a risk, leading individuals to seek larger, more potent
rewards. Future research investigating longitudinal associations of ELS with reward
processing and subsequent developmental outcomes could distinguish between these
possibilities.

Functional Connectivity: A Promising Tool in ELS Research

Functional connectivity has been an important tool for understanding the developmental
sequelae of ELS. Connectivity approaches allow for the evaluation of “circuits” within the
brain, collections of regions hypothesized to function as a unit for the processing of
particular stimuli (emotion processing, for example). While the application of functional
connectivity to ELS research is relatively new, it is clear why the approach may be of
particular interest to scientists studying the effects of stress on development.

To date, many of the investigations of brain connectivity following ELS have been restricted
to the circuit level, utilizing seed-based functional connectivity methods. Two main
approaches to investigating functional connectivity have been used in the ELS literature,
psychophysiological interaction (PPI) and seed-based resting-state functional connectivity
(rsFC). Briefly, PPI analyses examine the functional connectivity between two regions of
interest whose activity has been convolved with task-related timing information. The result
is an opportunity to understand the functional relationship between two regions in the
context of a task. Seed-based rsFC analyses on the other hand, aim to understand the
functional coherence between two regions of interest when the individual is not engaged in a
task, the individual’s “resting-state.” Analyses utilizing a seed-based rsFC approach choose
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a single region of interest as the “seed” and correlate the time course of the seed’s functional
activity with a set of regions or all other regions of the brain. Correlations with greater
magnitude (both positive and negative correlations are included) are interpreted as being
more functionally connected. Underlying these procedures, and all functional connectivity
analysis, is the assumption that two regions demonstrating activity that is significantly
correlated in time are functionally related.

In addition to PPI and seed-based analyses, graph theory has also been used to analyze rsFC
and task-based fMRI data by researchers interested in understanding complex brain
networks. In a graph theory analysis, each region of interest in the brain is a “node” in the
network and the connections between these nodes are “edges” (Fornito, Zalesky, &
Bullmore, 2016). How edges are defined varies by imaging modality, but in the case of fMRI
the most common is correlation in the blood oxygen-level dependent (BOLD) signal
between two nodes. The combination of nodes and edges identified from the data can then
be used to create a large matrix, or graph, representing functional connections throughout
the brain. Sometimes called a “connectome,” these matrices serve as the input for
calculation of a number of graph metrics. Quantifying brain function across many regions
through graph metrics allows for a characterization of the patterns of activity in brain
networks and can be used to compare these networks across individuals or between groups.
Further, graph theory analyses of fMRI data allow researchers to examine the whole-brain
network, intermediate sub-networks (e.g. the limbic network), and local patterns of activity
within the same empirical framework (Power et al., 2011). This flexibility is one of the
strengths of graph theory as an approach for ELS research as it allows for the evaluation of
the specific circuits of interest (e.g. emotion processing circuitry) while also facilitating
investigations of activation patterns in a diverse set of networks within the same graph.

Functional connectivity approaches extend the levels of analysis that are possible within
brain imaging data, consistent with developmental systems theory, which emphasizes
evaluating development at multiple levels of analysis. In the brain, traditional approaches
have investigated three levels: molecular interactions, neuronal dynamics, and the structure
and function of collections of neurons (e.g. brain structures and their nuclei). The rise of
connectivity-based approaches extends these levels a step further, investigating the
functional dynamics between regions and the effects they have on behavior.

ELS, Functional Connectivity, and Emotion Processing

For a number of reasons, the early investigations of ELS and functional connectivity have
largely focused on the connectivity between the amygdala and prefrontal cortex. Previous
work has demonstrated long-term effects of maternal deprivation on frontoamygdala
circuitry in rats (Callaghan & Richardson, 2011; Hofer, 1996), the vulnerability of the
amygdala to early adversity in non-human primates (Sabatini et al., 2007), and a wealth of
associations between adverse caregiving and altered behavior, brain structure, and function
(e.g. Hodel, 2018; Nelson, Bos, Gunnar, & Sonuga-Barke, 2011). Indeed, investigations of
regions often associated with high quality caregiving relationships were a natural step
toward understanding the effects of ELS. Table 1 provides a brief summary of the main
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findings from investigations of ELS and functional connectivity in the emotion processing
system.

Frontolimbic connectivity in low income samples.—Two studies with sample sizes
of 49 and 52 have shown differential coupling between the amygdala and PFC as a function
of childhood poverty. One of these studies employed a prospective design, prior to
completing an emotion regulation task in which participants were asked to “maintain” or
“reappraise” their emotional states in response to aversive or neutral pictures in the scanner
at age 24 (Kim et al., 2013). The second study used a similar design, associating childhood
poverty to an emotional face matching task completed in early adulthood (Javanbakht et al.,
2015). In both cases, childhood poverty was significantly associated with amygdala — PFC
connectivity, with task-specific differences. Results from Kim and colleagues (2013) suggest
more positive coupling between the amygdala and ventrolateral PFC (vIPFC) during
reappraisal of emotion responses in individuals with low childhood income-to-needs ratio.
Similarly, low childhood income-to-needs ratio was associated with diminished connectivity
between the left amygdala and mPFC while matching emotional faces in young adulthood in
the second study (Javanbakht et al., 2015). Together, these results suggest that individuals
with lower family income during childhood exhibit different patterns of frontolimbic
connectivity when viewing aversive images or emotional faces. While not directly tested in
these two examples, differences in frontolimbic functional connectivity such as these may
result in altered emotion processing in adults with histories of childhood poverty.

Frontolimbic connectivity following childhood maltreatment.—Compared to other
components of neural functioning, the effects of childhood maltreatment on later functional
connectivity is much less researched (Bick & Nelson, 2016). Further, the literature that does
exist has associated experiences of early maltreatment with both more positive and more
negative frontolimbic functional connectivity. Two studies of rsFC have reported more
negative amygdala — dIPFC connectivity as a function of increasing ELS severity assessed
by retrospective report in adolescence and adulthood (Herringa et al., 2013; Kaiser et al.,
2018). More negative amygdala connectivity with the subgenual anterior cingulate (SJACC)
and postcentral gyrus was also associated with ELS severity—a result that was similar to
hippocampal connectivity in the same sample (Herringa et al., 2013). Taken together, these
results suggest a general trend toward more negative rsFC as a function of increasing stress
severity. However, a third group has reported results in the opposite direction—associating
more positive amygdala — SgACC connectivity with a maltreatment exposed group compared
to a non-maltreated group (Thomason et al., 2015). While these results are contradictory, an
important methodological difference may account for some of the inconsistency. Thomason
and colleagues (2015) used three sub-regions of the amygdala as the seed region for their
whole-brain analysis, reporting generally more positive connectivity between the
centromedial, basolateral, and superficial amygdala. It may be that the use of a more specific
amygdala seed allowed for a more granular assessment of the effects of maltreatment on
frontolimbic connectivity. Conversely, the use of a dichotomous group comparison approach
with smaller seeds may obscure the linear trend between connectivity and ELS severity
reported in other research. Future research using continuous ELS predictors with sub-

Neuroimage. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herzberg and Gunnar

Page 10

segmented amygdala seeds is needed to clarify the effects of childhood maltreatment on
rsFC.

In the task-based PPI literature, two studies have evaluated functional connectivity during
context-dependent emotional face processing in adolescents with and without histories of
maltreatment. In both cases, more positive connectivity was reported: more positive
hippocampus — VIPFC connectivity was evident in maltreated individuals during angry face
encoding trials (Lambert et al., 2017) and more positive amygdala — pregenual cingulate
connectivity was found in maltreated youth compared to youth without maltreatment
histories during emotional conflict trials (Marusak, Martin, et al., 2015). More positive
connectivity was also associated with poorer performance on the behavioral aspects of each
task. In comparison to the rsFC literature, these task-related analyses show a more consistent
pattern. Exposure to childhood maltreatment is related to more positive connectivity in
emotional contexts—a connectivity pattern associated with poorer context memory and
conflict regulation.

While differences in imaging methodology may account for some of the inconsistency in the
rsFC results reported in this section, it is also important to note differences of developmental
timing. Specifically, only more negative amygdala — dIPFC connectivity as a function of
increasing ELS severity was reported in both adolescents and adults (Herringa et al., 2013;
Kaiser et al., 2018). More widespread connectivity differences were found in the adolescent
sample, including altered hippocampal connectivity. Given that the pubertal period is
characterized by increased developmental plasticity in both stress physiology and brain
function (DePasquale, Donzella, & Gunnar, 2018; Spear, 2013), it is possible that the older
age at assessment in Kaiser et al. (2018) represents a measure of adaptation to ELS that
could occur during the adolescent period. As such, longitudinal imaging studies should be
used to investigate similar recalibration in functional connectivity systems during the
transition into adulthood.

One such prospective study has begun to address this question in adults, though only one
imaging timepoint was included. PPI analysis of an emotion-matching task was used to
examine differences in functional connectivity related to child maltreatment at age 30. A
group contrast revealed more positive amygdala connectivity with a number of regions
including mPFC, ACC, and the posterior cingulate in the maltreatment group compared to
non-maltreated individuals (Jedd et al., 2015). A follow-up investigation of these analyses
related group differences in amygdala functional connectivity with adaptive functioning in
adulthood, revealing a positive relationship between amygdala connectivity and adaptive
functioning. Regardless of maltreatment status, stronger amygdala connectivity with the
cingulate gyrus, dorsomedial PFC, and bilateral parietal cortex were associated with higher
levels of adaptive functioning in adulthood (Demers et al., 2018). Interestingly, the results of
Demers and colleagues indicate amygdala — PFC PPI connectivity is more strongly
associated with adaptive functioning in adulthood than childhood maltreatment status. These
results suggest that high functioning individuals with histories of ELS may exhibit a
compensatory neural phenotype that aids in adaptive functioning later in life, further
supporting the notion that adaptation may occur during the transition from adolescence into
adulthood.
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Frontolimbic connectivity following early institutional care.—A pair of important
studies built upon a theoretical focus on frontolimbic emotion processing circuitry to
establish an effect of early institutional care. Using PPI, researchers used a cross-sectional
sample of individuals 4 — 22 years of age to determine the normative developmental
trajectory of amygdala — prefrontal connectivity during emotional face matching. Their
results indicated that during childhood, amygdala — mPFC connectivity has a positive
valence but that in adolescence and adulthood the valence is negative (Gee, Humphreys, et
al., 2013). Further, their results indicated that positive connectivity between the amygdala
and mPFC was associated with higher separation anxiety, while those with negative
connectivity exhibited less separation anxiety. In an analysis using the same imaging
methodology, the same research group investigated amygdala — mPFC connectivity in a
sample of post-institutionalized and non-adopted youth with an age range of approximately
6 — 17 years. Once again, positive amygdala — mPFC coupling was observed in children
compared to adolescents in the comparison group. Conversely, both children and adolescents
exhibited the “more mature” negative connectivity in the previously institutionalized group
(Gee, Gabard-Durnam, et al., 2013). Separation anxiety was associated with connectivity
such that more negative connectivity was associated with lower levels of anxiety. These
results added to an existing literature that had described accelerated maturation following
stressful early experiences. Previous research had implicated the HPA axis in a pathway
leading to altered HPA coupling with the hypothalamic-pituitary-gonadal axis resulting in
accelerated sexual maturation associated with familial disruption, parental depression, and
father absence (Belsky, Steinberg, & Draper, 1991; Ellis, Shirtcliff, Boyce, Deardorff, &
Essex, 2011).

Beyond the work of Gee and colleagues, very little research has been done relating
functional connectivity with early institutional care. In one analysis, post-institutionalized
and never institutionalized adolescent’s functional connectivity were compared via PPl in an
aversive learning task. Post-institutionalized youth exhibited significant hippocampus- and
amygdala — PFC connectivity while the comparison group demonstrated only significant
amygdala — PFC coupling (Silvers et al., 2016). Interestingly, the pattern displayed by the
post-institutionalized adolescents, in which the hippocampus is recruited in addition to the
amygdala, was more similar to previous studies of adult brain activation during aversive
conditioning than the pattern observed in the comparison group (Knight, 2004). These
results provide further evidence of a more mature frontolimbic connectivity pattern in post-
institutionalized youth compared to never-institutionalized adolescents. Finally, in a study of
social rejection using the Cyberball task, children with a history of foster care or adoption
exhibited more negative connectivity between the dIPFC and dorsal ACC, consistent with
the results of Gee and colleagues (Puetz et al., 2014). As such, the results of the limited
literature investigating frontolimbic connectivity following institutional care are concordant
with an early maturation framework in which individuals with ELS experience exhibit
accelerated maturation in emotion processing circuits. This early maturation may represent
an adaptive response to a lack of regulation by caregivers in infancy. What impact this early
maturation may have on other early-developing systems, however, has not been empirically
studied.
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Patterns of rsFC and Emotion-Related Psychopathology

In recent years graph theory and other methods of whole-brain rsFC analysis have shown
promise in applications to psychopathology. This is particularly important to the study of
ELS as many forms of childhood adversity have been associated with increased risk for
mental illness. For example, rsFC analyses have been used to distinguish the functional
activation patterns of individuals with and without histories of ELS and psychopathology.
Some of this research has focused specifically on major depressive disorder (MDD) and the
functional connectivity patterns associated with MDD alone and in the context of childhood
maltreatment. For example, in a study of 60 adults with MDD and/or ELS decreased
functional connectivity was observed compared to controls (Wang et al., 2014). Specific
decreases in connectivity were observed in the vmPFC in all participants with MDD, while
only individuals with MDD and a history of neglect showed more widespread connectivity
decreases including dIPFC, dorsal mPFC, VIPFC, insula, and amygdala. Another sample
investigating similarities and differences in patterns of functional connectivity following
ELS in 38 women with and without MDD diagnoses also identified the dIPFC as a region of
importance. Once again, only individuals with both a history of childhood maltreatment and
current diagnosis of MDD exhibited altered dIPFC connectivity (Cisler et al., 2013). Further,
their results also suggested that the amygdala is relatively more important, and potentially
less effectively regulated, in the brain networks of individuals who have experienced ELS
and developed MDD compared to individuals with ELS histories but no psychiatric
diagnoses. In combination, these results suggest an important role for functional
connectivity outcomes following ELS in explaining heterogeneity observed in clinical
samples. While the role of functional connectivity in the development of psychopathology
following ELS is an important path for future research, both of these studies included only
adults.

While rare, whole-brain graph theory approaches have been applied to the analysis of task-
based fMRI data in pediatric samples. In a small sample of 20 adolescents, Cisler and
colleagues (2016) found that girls with PTSD and relatively high levels of trauma exhibited
more segregated processing of information and lower efficiency in information processing as
compared to individuals with relatively low trauma exposure during a facial emotion
processing task. Further, greater segregation of information processing (as measured by
network modularity) predicted greater amygdala activation and lower connectivity between
the amygdala and mPFC. Importantly, individuals who responded best to treatment were
most similar to a healthy control group in brain network segregation and efficiency during
the facial emotion processing task (Cisler et al., 2016). While preliminary, these findings
suggest that graph theory metrics may have utility for predicting response to treatment in
populations experiencing ELS. Further, increased segregation (as measured using network
modularity) in individuals with histories of trauma are consistent with theoretical
interpretations of the function of network segregation. In the context of childhood
maltreatment, in which environments can be unpredictable and threatening, increased
network segregation may serve to increase the flexibility of functional responses thereby
eliminating the need to re-model the entire functional system (Sporns & Betzel, 2016). As
such, Cisler and colleague’s findings demonstrate the potential of graph theory metrics for
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mechanistic understandings of psychiatric disorder and do so in a theoretically plausible
manner.

ELS, Functional Connectivity, and Reward Processing

Reward-related connectivity following childhood poverty.—Compared to the
literature investigating functional connectivity in emotion processing systems, the literature
examining reward processing systems is quite limited (see Table 2 for a brief summary of
results). In one study, low household income was associated with increased ventral striatum
— lateral PFC connectivity while community disadvantage was associated with decreased
ventral striatum — mPFC connectivity in children and adolescents (Marshall et al., 2018).
These results suggest that income and socioeconomic disadvantage (e.g. neighborhood
poverty levels) have unique effects on corticostriatal connectivity in late childhood and
adolescence. Once again, understanding how these differential patterns of functional
connectivity associated with ELS may change as individuals transition to early adulthood
will be an important step to understanding the developmental trajectory of brain function
following early adversity.

Reward-related connectivity following childhood maltreatment.—The functional
connectivity of brain regions associated with reward processing has also been studied in
samples with maltreatment histories. Increases in insula activity and higher salience network
—insula and salience network — amygdala connectivity have been shown in trauma exposed
youth compared to youth without a history of trauma (Marusak, Etkin, & Thomason, 2015).
Further, salience network — insula connectivity mediated the relationship between childhood
trauma and reward sensitivity. Building upon these results, a seed-based rsFC analysis of the
connectivity of two dopaminergic reward regions: the ventral tegmental area (VTA) and the
substantia nigra (SN) revealed decreased VTA — hippocampus and increased SN —
hippocampus connectivity in trauma exposed individuals compared those without a history
of trauma (Marusak, Hatfield, Thomason, & Rabinak, 2017). Importantly, both of these
studies by Marusak and colleagues implicate pathways known to be important in
approaching or avoiding novel stimuli as well as reward sensitivity. As reward sensitivity is a
trait that has been linked to the emergence of stresss-related psychopathology (Bogdan et al.,
2013), these results provide another potential pathway by which ELS increases risk for
psychiatric problems.

Reward-related connectivity following institutional care.—In the institutional care
literature, the functional connectivity of reward-related brain regions has gone largely
unexamined. One study of post-institutionalized youth has reported a positive relationship
between the ventral striatum — mPFC connectivity and social problems in children and youth
(Fareri et al., 2017). Interestingly, the relationship between striatum — mPFC connectivity
and social problems was moderated by age, such that functional connectivity was more
likely to predict social problems in adolescents compared to children. Once again, these
results highlight the importance of longitudinal investigations to elucidate the developmental
trajectories that follow experiences of ELS.
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Whole-brain Patterns of Functional Connectivity and Reward-Related Psychopathology

As was alluded to in the previous section, the functional connectivity of reward-related brain
regions is another promising area for further understanding the links between ELS and
psychopathology. For example, decreased ventral striatum — mPFC connectivity mediates
the link between community disadvantage and anxiety symptomatology (Marshall et al.,
2018). In children and adolescents from predominantly low income families, lower SN —
nucleus accumbens connectivity has been associated with more anxiety symptoms regardless
of trauma history (Marusak et al., 2017). Finally, in the context of institutional care,
functional connectivity is associated with increased social problems on the Child Behavior
Checklist (Fareri et al., 2017) a measure shown to be predictive of later psychopathology
(Petty et al., 2008). Associations between brain and behavior such as these are important for
identifying possible targets for intervention and possibly the prevention of psychopathology
following ELS. More mechanistic investigations, however, are likely to be of more
immediate use to researchers and clinicians.

While limited in resolution due to current imaging methods, one large study has proposed
ventral striatum — mPFC connectivity as a biomarker for stress-related psychopathology. In
the study, a PPI analysis revealed increased connectivity during positive feedback trials
between the ventral striatum and mPFC in college-aged individuals reporting higher levels
of ELS and current stress (Hanson, Knodt, Brigidi, & Hariri, 2018). This increased
connectivity between the ventral striatum and mPFC was also associated with increased
internalizing symptoms, perhaps reflecting the contribution of anhedonia to depressive
symptomatology. A moderated mediation analysis elaborated upon this result, demonstrating
that the observed ventral striatum — mPFC functional connectivity explained 10.3% of the
variance between ELS and internalizing symptomatology (Hanson et al., 2018). As
exemplified by this work, the whole-brain functional connectivity literature following ELS
has shown promise elucidating psychopathology mechanisms via reward-related pathways.
With limited exceptions, this literature has linked striatal — mPFC and striatal — salience
network connectivity with internalizing symptomatology, consistent with previous
behavioral investigations of individuals with experiences of deprivation and threat (Miller et
al., 2018).

Conclusions, Limitations, and Future Directions

Conclusions

Experiences of early life stress have consistently been associated, on the group level, with
changes in emotion- and reward-related processing. Behavioral work has established
numerous effects of childhood poverty, maltreatment, and institutional care, particularly in
domains known to be supported by brain regions with high sensitivity to stressful
environments via a cortisol-mediated pathway. The extent to which these differences are
undergirded by neural processes, however, has been investigated much more thoroughly in
emotion processing than responses to reward.

Early adversity has often been associated with difficulty recalling faces presented in negative
contexts, identifying negative facial expressions, and inhibiting pre-potent responses when
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presented with emotion-laden situations. Consistent with this behavioral literature, extensive
literature has demonstrated increased amygdala activity in the context of emotion
processing. The task-based literature that reports increased amygdala activity is largely built
upon tasks requiring regulation and/or emotional reappraisal of faces displaying negative
emotions (e.g. Kim et al., 2013; McLaughlin, Peverill, Gold, Alves, & Sheridan, 2015).
While there is some evidence to suggest blunted neural responses to positive emotions as
well, less is known about emotion-processing outside of threatening of fearful stimuli. While
focusing on threat stimuli following early adversity is important, additional investigations of
emotion processing with neutral and positive stimuli may provide important insights into the
pathways from ELS to psychopathology. Given evidence that individuals with histories of
abuse struggle to differentiate threat and safety cues during fear conditioning paradigms
(McLaughlin et al., 2016), individuals with ELS histories may struggle to identify safety
cues in the facial expressions of others, leading to behavioral dysregulation.

Further, the vast majority of functional connectivity research investigating the developmental
outcomes associated with ELS has targeted frontolimbic, emotion regulation circuitry. While
the results of this research support the notion that experiences of stress in early life alter the
connectivity of the emotion regulation system, the direction of effects varies across different
types of stress. In samples of youth adopted from institutions the functional connectivity
literature centers around the idea of accelerated maturation as indicated by more negative
patterns of connectivity when viewing emotional faces (Gee, Gabard-Durnam, et al., 2013).
These findings are well supported by previous research. Frontoamygdala circuitry is
particularly susceptible to maternal deprivation, maternal maltreatment, and adverse
caregiving experiences in both animals and humans (see Callaghan, Sullivan, Howell, &
Tottenham, 2014 for a review). It is likely that the vulnerability of these systems is a
byproduct of the plasticity required to respond adaptively to external stimuli in early life. In
the case of early institutional care, the accelerated maturation of emotion processing systems
is beneficial due to the lack of a consistent caregiver to provide external regulation.

Research in young adults with histories of maltreatment and childhood poverty has revealed
more inconsistent results, with a general trend toward less effective suppression of amygdala
responses to aversive stimuli. Once again, the maintenance of higher levels of amygdala
activity may be adaptive in highly threatening environments. For example, physically
maltreated youth discriminate between angry and fearful faces with significantly less
perceptual information than non-maltreated youth, potentially due to the increased
importance of identifying such facial expressions in an abusive environment (Pollak &
Sinha, 2002). Though adaptive within early adverse environments, alterations in emotion
processing circuitry may serve to delay the development of other systems. Understanding
whether or not such a developmental trade-off exists in the functional organization of the
brain will require an expansion of the circuits examined by ELS research.

How the functional connectivity within the emotion processing system might change as
development progresses is an additional important consideration following ELS. As seen in
figure 1, the current literature has suggested accelerated maturation of the emotion systems
following early adversity—a finding established during the adolescent period (i.e., Gee,
Gabard-Durnam, et al., 2013). Other research, however, has suggested that individuals with a
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history of maltreatment exhibit less mature responses to emotional stimuli when tested
during adulthood (i.e., Jedd et al., 2015). This difference in the developmental timing of
assessment, combined with the importance of the timing of the stressful experience, plays a
large role in patterns of development following ELS.

Compared to emotion processing, the behavioral and neural associations between ELS and
reward processing have been less frequently studied. The literature that does exist, however,
suggests that the accelerated maturation of emotion circuitry may not generalize to all neural
systems. Behaviorally, previously institutionalized youth have been shown to exhibit deficits
in a wide array of executive function sub-domains and tasks, including spatial working
memory (Bos, Fox, Zeanah, & Nelson, 2009), backward digit span, the Tower of London
task (Beckett, Castle, Rutter, & Sonuga-Barke, 2010), Stroop task (Colvert et al., 2008;
Merz, McCall, Wright, & Luna, 2013), and the memory, attention, and learning tasks of the
Cambridge Neuropsychological Test Automated Battery (CANTAB) and NEPSY
Developmental Neuropsychological Assessment (Pollak et al., 2010). Similarly, studies
targeting reward processing specifically have reported lower levels of reward sensitivity
following threat-based adversity or disrupted caregiving (Boecker-Schlier et al., 2016;
Humphreys et al., 2015). Further, one of the most often observed behavioral effects when
studying adopted youth is increased impulsivity and difficulty inhibiting prepotent responses
(Herzberg et al., 2018; Hostinar, Stellern, Schaefer, Carlson, & Gunnar, 2012; McLaughlin
et al., 2014). In this context, hypotheses stressing early maturation of neural systems
following ELS fall short—it would be difficult to make a case in which high impulsivity is
the “more mature” state following early adversity.

A small literature supports the notion that neural systems that support reward processing do
not exhibit accelerated maturation after stressful early experiences. Activation in the ventral
striatum has been consistently related to specific forms of ELS, as samples exposed to threat
and disrupted caregiving exhibit blunted responses to the anticipation of reward while
impoverished samples display increased responses to reward relative to comparison groups
(Dillon et al., 2009; Mehta et al., 2010; Romens et al., 2015). Both blunted and increased
responses to the anticipation of reward can lead to negative outcomes—the loss of potential
gain in the case of blunting and more risk-taking to obtain reward due to higher-than-normal
activity—providing a potential pathway to maladaptive behavior later in development.
Consistent with this conclusion, the few extant studies of reward-related functional
connectivity have identified consistent relationships between striatum — mPFC connectivity
and internalizing symptomatology (Hanson et al., 2018).

Considered together, the general pattern of effects in emotion and reward processing
following ELS point toward a coherent hypothesis. Given that experiencing early adversity
has been associated with enhanced detection of negative emotion and impairment processing
positive emotion and reward, ELS could enhance an adaptive defensive phenotype in
response to threat while also leading to impaired processing of rewarding stimuli. This trade-
off between risk mitigation and a loss of potential reward is an important future direction for
researchers interested in the effects of ELS. Figure 1 illustrates the possibility of such a
developmental trade-off.
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Studying the outcomes of early adversity is accompanied by a number of potential pitfalls
that threaten the validity of results. As in many areas of developmental neuroscience, small
samples continue to slow the accumulation of consistent effects following stressful early
environments. To date, the longitudinal imaging work addressing these questions has had
extremely limited pilot-sized samples, requiring caution when interpreting results until
larger samples can be analyzed (e.g. Carrion, Weems, & Reiss, 2007). Further complicating
ELS research is the possibility of genetic effects that co-occur with stressful environments. It
may well be the case that some of the effects associated with poor caregiving environments
are the result of intergenerational trauma or a genetic predisposition for psychopathology.
One recent systematic review supports this notion suggesting that polymorphisms in a trio of
genes interact with ELS and substance abuse to increase risk for bipolar disorder and
schizophrenia (Misiak et al., 2018). While behavior-genetic techniques can help to account
for this possibility, adequate samples for such investigations are few and far between. When
possible, researchers should use genetically-informed designs when examining the
developmental sequelae of early adversity.

Another limitation of the neuroimaging literature following ELS involves the variety of
populations and data collection methods used. While there are likely similarities between
different types of early adversity, it is equally likely that different kinds of stress affect
individuals in unique ways. As such, synthesizing data from impoverished, maltreated, or
institutionalized samples may lead to over-generalized theories of ELS. Additionally, the
methods for collecting data about the type and intensity of early adversity vary from study to
study. Some investigators have built longitudinal samples with documented cases of
maltreatment and rigorous follow-up (e.g. Cowell, Cicchetti, Rogosch, & Toth, 2015) while
others rely upon retrospective self-report (e.g. Cisler et al., 2013). Carefully interpreting
results with an emphasis on the reliability of the ELS evaluation is important when reading
the functional connectivity literature. Further complicating interpretation of results is the
developmental stage of the participants included in samples with histories of early adversity.
The large number of studies with neuroimaging data collected during adolescence and early
adulthood should be interpreted in the context of the developmental stage of the participants
to ensure that the reported results are truly a departure from developmental norms.

A final limitation of the functional connectivity literature in ELS is the overinterpretation of
results. Due to the nascent state of the literature, especially the application of graph theory
techniques, further study of the analytic methods employed may be necessary prior to
drawing strong conclusions. For example, subcortical structures associated with emotion
processing are susceptible to signal loss or signal confounding in fMRI data (Boubela et al.,
2015). The possibility of signal loss or less reliable subcortical connectivity estimates may
contribute to noise in the literature. Additionally, there are few studies that employ methods
improving causal inference. As such, many of the mechanistic links between ELS and brain
function associated with psychopathology have yet to be empirically tested. It will be
important for future investigations of early adversity to be designed in ways that allow more
direct testing of the links between neural functioning following ELS and the development of
mental illness.
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Future Directions

The diversity of neurocognitive differences between groups with histories of ELS and those
without combined with the relative lack of diversity in studies investigating brain function
following ELS suggest important new directions for the field. For example, the notion of a
developmental trade-off in the context of ELS is worthy of direct empirical scrutiny. As is
clear given the findings cited in this review, accelerated maturation of the emotion circuity
following adversity is both common and adaptive. Whether this precocious development
comes at the detriment of other systems is of great importance for improving the lives of
individuals with histories of ELS. If the development of reward processing is delayed to
allow for early emotion processing maturation, it may provide one potential avenue by
which ELS increases the risk for psychopathology. In this case, prevention and intervention
efforts that target improved reward processing may be appropriate for many individuals with
adverse experiences. It is also possible, if less consistent with behavioral work, that there is
no developmental trade-off—that the early maturation of emotion processing following ELS
does not come at the cost of other neural systems. Should there be no trade-off, continued
efforts toward improving early care-giving environments and otherwise alleviating the
incidence of childhood poverty and maltreatment may be most appropriate.

To evaluate the possibility of a developmental trade-off, it will be critical to continue to
expand the brain systems under study beyond frontolimbic emotion processing systems to
fully understand the effects of ELS on brain function. At a minimum, future research should
investigate attention- and reward-related circuits that may shed light on a larger subset of the
behavioral differences reported to date. This approach has already been shown to be
promising for better understanding psychopathology as described earlier. Further, as
indicated by the results of studies investigating both emotion- and reward-related circuits in
relation to psychopathology onset, investigators should place a premium on study designs
that facilitate probing the interactions between these systems. This interactive approach may
be especially useful during adolescence, a period in which many theories stress the
immaturity of prefrontal control regions relative to subcortical emotion-related structures
(Casey, 2015). It may be necessary to include the development of emotion- and reward-
processing systems when attempting to understand adolescent vulnerability (Crone & Dahl,
2012). Understanding the relationships between altered emation processing and reward
sensitivity following ELS is likely a critical piece of the puzzle when investigating the
negative outcomes of early adversity. The increased utilization of techniques that support
whole-brain investigations of connectivity, like graph theory, may be an immediate and
tractable avenue for addressing this possibility.

Studies working to identify protective factors following ELS are another important way
future research can establish the mechanisms involved in the development of
psychopathology following stressful childhood experiences. For example, recent work in
populations of post-institutionalized youth suggests that differences in stress physiology
following ELS can be recalibrated during the pubertal period to the point that they are
statistically identical to nonadopted youth (DePasquale, Donzella, & Gunnar, 2019). Similar
effects have also been demonstrated in youth with high levels of traumatic stress in
childhood (King et al., 2017). Whether or not these changes extend to alterations in the
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structure and function of the brain is yet to be investigated but is a promising path for future
research. Additionally, interventions targeting the caregiving relationship following ELS
have reported improvements in children’s cognitive functioning (Bernard, Lee, & Dozier,
2017). Continued investigations of the specific mechanisms that give rise to this malleability
in outcomes following ELS will shed additional light on the pathways from childhood
adversity to the development of psychopathology. Notably, the search for protective factors
and their mechanisms may also address differences between the group and individual levels
of analysis. Specifically, while at the group level we see the above described sequelae of
early life adversities, at the individual level there is substantial heterogeneity in the outcomes
of children, youth, and adults who grow up in adverse circumstances. The literature on
resilience points to both individual and environmental factors that increase resilience and
reduce risk for individuals (Sapienza & Masten, 2011). Thus, as we address how adversity
“gets under the skin” it will be equally important to understand how resilience does as well.

Finally, large longitudinal studies that collect data at multiple levels of analysis continue to
be the strongest experimental design available to researchers interested in ELS. Combining
stress physiology measurement and functional neuroimaging should continue to aid in the
elucidation of the mechanisms underlying many of the negative outcomes associated with
childhood adversity. Such longitudinal studies should also work to establish the effects of
the timing of stress onset using ongoing assessment of negative life events. As an added
benefit, large samples with a diversity of ELS experiences (e.g. abuse, neglect, deprivation,
etc.) will help to improve the specificity of the conclusions that can be drawn. This has, to
some degree, been possible in the context of brain structure (see Hodel, 2018 for an
exemplary review) but remains an open question in the functional neuroimaging literature.
While experiences of ELS may not be avoidable, longitudinal imaging and the application of
new analysis methods to brain function and functional connectivity data will improve our
ability to respond effectively.
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Highlights
Early life stress alters functional connectivity in emotion and reward circuits.

Early adversity may result in accelerated maturation of emotion processing
systems.

Accelerated maturation of emotion processing may slow development of other
systems.

Functional connectivity is a tool for studying psychopathology after early
adversity.
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Figure 1.
Conceptual illustration of the possibility of a developmental trade-off associated with

accelerated maturation of the emation processing system following ELS (A) as compared to
no developmental trade-off (B). To date, the majority of studies examining functional
connectivity following ELS have focused on the development of emotion processing
systems, with limited work devoted to the functional development of other systems.
Behavioral work in individuals who have experienced childhood poverty, maltreatment, and
institutional care suggests that the effects of early adversity extend beyond emotion
processing and include difficulty processing reward-related information. As such, it may be
that the accelerated maturation of emotion-related systems comes at the cost of the
development of other neural systems. Due to differences in the maturational courses of
neural systems it will be important for future work to evaluate the re/ative maturity of
emotion and reward processing systems to evaluate the possibility of a developmental trade-
off.
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Table 1.

Summary of emotion processing-related functional connectivity results following childhood poverty,

maltreatment, and institutional care.

ELS Type Reference N Finding
(Javanbakht et al., 2015) 52 Lower income-to-needs ratio is associated with diminished amygdala — PFC
connectivity
Poverty . . o . S
(Kimetal., 2013) 49 Lower income-to-needs ratio is associated with diminished amygdala — PFC
connectivity
Maltreatment (Herringa et al., 2013) 64 Maltreated individuals display lower amygdala- and hippocampus — PFC
connectivity
(Kaiser et al., 2018) 70  Maltreated individuals display lower amygdala — PFC connectivity
(Thomason et al., 2015) 42 Maltreated adolescents do not display negative amygdala — subgenual ACC
connectivity found in comparison youth
Stronger amygdala — PFC connectivity predicts more adaptive functioning
(Demers etal., 2018) 80 regardless of maltreatment history
(Gee, Gabard-Durnam, et al., 89 More mature negative amygdala -mPFC coupling present in previously
institutionalized children and adolescents during emotion-matching
Institutional Care (Silvers et al., 2016) Significant amygdala- and hippocampus — PFC connectivity during aversive
89 learning in post-institutionalized youth only amygdala — PFC connectivity in

comparison group
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Table 2.

Summary of reward processing-related functional connectivity results following childhood poverty,
maltreatment, and institutional care.

ELS Type Reference N Finding

Poverty Low household income associated with increased ventral striatum — lateral PFC
(Marshall et al., 2018) connectivity

. Increased salience network — insula and salience network — amygdala connectivity
(Marusak, Etkin, etal., 2015) 43 in trauma exposed youth compared to no trauma
Maltreatment ) . o ) .

(Marusak, Hatfield, et al., Decreased VTA — hippocampus connectivity and increased SN — hippocampus

2017) connectivity in maltreated individuals

Positive ventral striatum — mPFC connectivity in post-institutionalized youth

Institutional Care (Fareri etal., 2017) 88 compared to negative ventral striatum — mPFC connectivity in comparison group

Neuroimage. Author manuscript; available in PMC 2021 April 01.



	Abstract
	Introduction
	Defining Early Life Stress: General and Specific Effects
	Emotion Processing, Reward Sensitivity, and Brain Structure Following ELS
	Brain Function Following ELS
	Brain Function During Emotion Processing After ELS
	Brain Function During Reward Processing After ELS

	Functional Connectivity: A Promising Tool in ELS Research
	ELS, Functional Connectivity, and Emotion Processing
	Frontolimbic connectivity in low income samples.
	Frontolimbic connectivity following childhood maltreatment.
	Frontolimbic connectivity following early institutional care.

	Whole-brain Patterns of rsFC and Emotion-Related Psychopathology
	ELS, Functional Connectivity, and Reward Processing
	Reward-related connectivity following childhood poverty.
	Reward-related connectivity following childhood maltreatment.
	Reward-related connectivity following institutional care.

	Whole-brain Patterns of Functional Connectivity and Reward-Related Psychopathology

	Conclusions, Limitations, and Future Directions
	Conclusions
	Limitations
	Future Directions

	References
	Figure 1.
	Table 1.
	Table 2.

