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Children that have experienced psychosocial neglect display impairments in self-monitoring and controlling their
behavior (cognitive control) and are at broad, transdiagnostic risk for psychopathology. However, the neural
underpinnings of such effects remain unclear. Event-related mediofrontal theta oscillations reflect a neural
process supporting cognitive control that may relate to transdiagnostic psychopathology risk. Recent work
demonstrates reduced mediofrontal theta in rodent models of neglect; however, similar findings have not been
reported in humans. Here, 136 children reared in Romanian institutions were randomly assigned to either a high-
quality foster care intervention and placed with families or remained in institutions; 72 never-institutionalized
children served as a comparison group. The intervention ended at 54 months; event-related mediofrontal
theta and psychopathology were assessed at 12- and 16-year follow-up assessments. Institutional rearing
(neglect) predicted reduced mediofrontal theta by age 16, which was linked to heightened transdiagnostic risk
for psychopathology (P factor); no specific associations with internalizing/externalizing factors were present
once transdiagnostic risk was accounted for. Earlier placement into foster care yielded greater mediofrontal
activity by age 16. Moreover, foster care placement was associated with the developmental trajectory of
mediofrontal theta across the adolescent period (ages 12-16), which was, in turn, associated with greater re-
ductions in transdiagnostic risk across this same period. These data reflect the first experimental evidence that
the development of mediofrontal theta is impacted by removal from situations of neglect in humans, and further
characterizes the importance of studying developmental change in mediofrontal theta during the adolescent
period.

1. Introduction relatively little is known about the neurobiological processes linking

neglect to psychopathology. Based on behavioral and indirect neural

In the majority of countries, the most common form of child
maltreatment is neglect (Sedlak et al., 2010; Sheridan and McLaughlin,
2014), in which caregivers fail to provide basic physical and/or
socio-emotional needs of children (Leeb et al., 2008). Neglect confers
significant risk for psychopathology (Wade et al., 2018), though

assessments (e.g. for a review, see: Troller-Renfree et al., 2018), neglect
is also known to impair cognitive control, which reflects the ability to
monitor and control one’s behavior (also see: Wade et al., 2018, 2019a,
b). Mediofrontal theta (4—8 Hz) oscillations reflect a more direct
readout of a neural mechanism supporting cognitive control (Cavanagh
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and Frank, 2014; Narayanan et al., 2013), and recent animal work
demonstrates mediofrontal theta impairments in rodent models of
neglect. However, similar evidence in humans is lacking.

Rodents experiencing neglect (repeated maternal separation) during
the preweaning period exhibit reductions in mediofrontal theta power
during the juvenile period (Reincke and Hanganu-Opatz, 2017). During
the preweaning period, local field potential (LFP) recordings from depth
electrodes within mediofrontal cortex exhibit event-related reductions
in theta power in response to periods of maternal separation (Courtiol
et al., 2018; Sarro et al., 2014). Moreover, there is evidence for a sen-
sitive period in the rodent, as maternal separation is less likely to in-
fluence mediofrontal theta if separations occur at older compared to
younger ages (Sarro et al., 2014). Event-related changes in theta power
are mediated by serotoninergic signaling (Courtiol et al., 2018), in line
with work demonstrating that neglect alters serotonergic and dopami-
nergic innervation of mediofrontal cortex (Braun et al., 1999). Effects of
neglect on these neurotransmitter systems are notable, as these systems
also underlie human cognitive control ability (Jocham and Ullsperger,
2009) and have further been linked to psychiatric disorders as well
(Szabo et al., 2004).

In humans, neglect predicts impaired performance on tasks requiring
cognitive control (Bauer et al., 2009; Bruce et al., 2009; Hostinar et al.,
2012; Pollak et al., 2010; Sheridan et al., 2017) and associated deficits in
indirect markers of cognitive control (Lamm et al., 2018; Loman et al.,
2013; McDermott et al., 2012, 2013; Troller-Renfree et al., 2016).
Similarly, neglect leads to reduced grey matter in a number of cortical
regions associated with cognitive control (Hodel et al., 2015) including
the mediofrontal cortex (McLaughlin et al., 2014). However, existing
work has not tested whether neglect impacts a more direct readout of a
mechanism supporting cognitive control in humans (i.e. mediofrontal
theta power). A common example of cognitive control is the finding that
individuals sometimes increase task performance (accuracy rates)
following errors (for a review, see: Danielmeier and Ullsperger, 2011).
In such situations, errors of commission are thought to signal the need
for an increase in cognitive control, with increases in accuracy on sub-
sequent trials (post-error accuracy) reflecting the allocation of control
(Danielmeier and Ullsperger, 2011). In line with the notion that errors
signal a need for increases in control, errors of commission are also
associated with increased theta power at electrodes over mediofrontal
cortex (Buzzell et al., 2019; Cavanagh et al., 2009). These low-frequency
theta oscillations are thought to serve as a signal that control is required,
as well as to integrate information across brain regions, necessary for
cognitive control (Cavanagh and Frank, 2014; Verguts, 2017). Similar
increases in mediofrontal theta power are observed in response to un-
expected stimuli or negative events, consistent with the prevailing the-
ory that mediofrontal theta power and synchrony are increased in
situations that require “being pulled out of autopilot” to increase control
(Cavanagh and Frank, 2014; Ullsperger et al., 2014; Verguts, 2017).
Additionally, the causal role of mediofrontal theta oscillations in syn-
chronizing brain regions to support cognitive control has been demon-
strated in both humans and rodents (Herrmann et al., 2016; Narayanan
et al, 2013). A homolog of rodent mediofrontal theta can be
non-invasively recorded via EEG scalp electrodes over mediofrontal
cortex in humans (Narayanan et al., 2013), allowing a test of whether
this oscillatory mechanism is similarly disrupted by neglect.

It is worth noting that while no prior work has investigated relations
between neglect and event-related mediofrontal theta in humans, prior
work has investigated how neglect impacts relative theta power of the
human brain at rest (Debnath et al., 2020; Hevia-Orozco and
Sanz-Martin, 2018; Marshall et al., 2008; McLaughlin et al., 2010;
Tarullo et al., 2011; Vanderwert et al., 2010, 2016). Moreover, varia-
tions in relative theta power have most commonly been linked to dis-
orders such as ADHD (For a review, see: Barry et al., 2003). However,
relative theta power reflects a qualitatively different neural process,
which is anatomically and functionally distinct from event-related
mediofrontal theta (Finnigan and Robertson, 2011; Miskovic et al.,
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2015; Uhlhaas et al., 2010; Whitford et al., 2007). While interpretations
of relative theta power recorded from the brain at rest remain unclear,
event-related mediofrontal theta power has a well-defined role as a
neural mechanism supporting cognitive control across mammalian
species (Cavanagh and Frank, 2014), including rodents (Narayanan
et al., 2013), non-human primates (Tsujimoto et al., 2006; Womelsdorf
et al., 2010) and humans (Cavanagh et al., 2009).

Prior work has linked cognitive control dysfunction to specific forms
of psychopathology in the context of neglect (McDermott et al., 2013;
Troller-Renfree et al., 2016). Additionally, recent work demonstrates
that neglect confers broad risk for psychopathology that cuts across
diagnostic boundaries (Wade et al., 2018). Nevertheless, the neural
processes underlying broad, transdiagnostic associations between
neglect and psychopathology are largely unknown. Given work sug-
gesting that deficits in cognitive control underlie transdiagnostic risk via
effects on the regulation of emotion and cognition (Kohn et al., 2014;
McTeague et al., 2016, 2017; White et al., 2017), and that mediofrontal
theta reflects a more direct readout of cognitive control (Cavanagh and
Frank, 2014), we propose that variation in event-related mediofrontal
theta might be associated with this transdiagnostic risk.

In studying the impact of early neglect on transdiagnostic risk, Wade
et al. (2018) reported on a so called “sleeper effect”, in which the ben-
efits of removal from neglect were not fully apparent until much later in
development. Specifically, removal from neglect early in life did not
yield differences in transdiagnostic risk for psychopathology by
mid-to-late childhood (age 8), but instead impacted the developmental
trajectory of such risk across the adolescent period. Removal from
neglect yielded greater decreases in transdiagnostic risk across the
adolescent period, such that significant differences became apparent by
age 16 (Wade et al., 2018). Therefore, if our proposal that variation in
event-related mediofrontal theta is associated with transdiagnostic risk
is correct, then we should observe a similar “sleeper effect” at the neural
level, whereby early neglect impacts the development of mediofrontal
theta across adolescence. Moreover, changes in mediofrontal theta
across adolescence should inversely predict changes in transdiagnostic
risk for psychopathology across the same developmental window.

In order to test associations among neglect, mediofrontal theta, and
transdiagnostic psychopathology risk, we leveraged data from the
Bucharest Early Intervention Project (BEIP; Zeanah et al., 2003), a
longitudinal and randomized control trial (RCT) of a high-quality foster
care intervention for children raised in depriving institutions. Given
prior work demonstrating that neglect leads to impaired cognitive
control in humans (Loman et al., 2013; McDermott et al., 2013; Pollak
etal., 2010; Troller-Renfree et al., 2016) and reduced mediofrontal theta
power in rodents (Reincke and Hanganu-Opatz, 2017), we hypothesized
that randomization to a high-quality foster care intervention in early
childhood would yield later increases in mediofrontal theta power in
adolescence (relative to a comparison group who remained in in-
stitutions). Further, we hypothesized that removal of children from
depriving environments at younger ages would mitigate the deleterious
effect of early neglect on the developing brain, consistent with a sensi-
tive period suggested by animal work (Sarro et al., 2014). We also tested
whether effects of the foster care intervention on cognitive control were
present in post-error accuracy. In order to test each of these hypotheses,
our analyses focused on EEG and psychopathology data from the most
recent (age 16) assessment of the BEIP sample. However, we also hy-
pothesized that disruptions to mediofrontal theta would link early
neglect to transdiagnostic risk for psychopathology. For such analyses,
we examined mediofrontal theta and psychopathology concurrently at
age 16, but also tested whether mediofrontal theta development across
adolescence (ages 12-16) predicted changes in transdiagnostic risk
across this same period.
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2. Materials and methods
2.1. Participants and study design

Participants were from the BEIP study, which began in the Spring of
2001 (Zeanah et al., 2003). One-hundred thirty-six children aged 6-31
months (M age = 21.6 months) residing for at least half their life in
Romanian institutions were assessed; half of these children (n = 68, 33
boys) were randomly assigned to receive “care-as-usual” (CAUG), which
here meant remaining in the institutions, and the other half (n = 68, 34
boys) were randomly assigned to be placed into high-quality foster-care
with families that received training on proper care (foster care group;
FCG). The investigators achieved randomization by drawing names from
a hat; given the nature of the study, masking of group assignment to
children, caregivers, and investigators was not possible (i.e., individuals
were aware of children’s placements). By design, the RCT ended at 54
months, however, these two groups were then followed longitudinally,
with the current study presenting data from the 12- and 16-year as-
sessments of these groups, when behavioral, EEG and mental health
symptom measures were collected (see supplement for the complete
experimental protocol). Throughout the duration of the study, a
non-interference policy was followed; therefore, although most CAUG
children remained in institutional care through 54 months, many were
removed from institutional care at some point by the 16-year assess-
ment. A group of age- and gender-matched youth that had never expe-
rienced prior institutionalization (n = 72) were additionally recruited
from Bucharest, Romania, in order to serve as a comparison group
(never-institutionalized group; NIG); similar measures assessed for this
group at age 16 are also reported in the current study. See the supple-
ment for a complete flow diagram of participant enrollment/exclusion
and study design.

2.1.1. RCT groups (CAUG and FCG)

Primary analyses of 16-year mediofrontal theta in the current report
utilize an intent-to-treat analytic approach, focusing on 40 CAUG (M age
=16.72, sd = 0.44; 21 boys; 19 Romanian, 16 Roma, 5 other/unknown)
and 40 FCG (M age = 16.64, sd = 0.61; 20 boys; 24 Romanian, 10 Roma,
6 other/unknown) who had sufficient behavioral and EEG data. An
additional 4 CAUG and 5 FCG, were analyzed for analyses of 16-year
behavioral data as these participants either did not have EEG data
collected or the EEG contained too few trials per condition following
preprocessing. Analyses within the FCG to test whether age-of-
placement impacted 16-year mediofrontal theta and post-error accu-
racy were performed for all participants on which placement age was
available (one participant within the FCG intent-to-treat group was
adopted prior to foster-care placement and was therefore not included in
this additional analysis). For analyses involving measures of psychopa-
thology at age 16, 49 CAUG and 52 FCG had available psychopathology
data for analyses. For modeling of mediofrontal theta and psychopa-
thology development across adolescence, 43 CAUG and 45 FCG had
sufficient behavioral and EEG data at the 12-year visit; 56 CAUG and 56
FCG had psychopathology data at the 12-year visit.

2.1.2. Comparison group (NIG)

In addition to the intent-to-treat analyses (comparing CAUG and
FCG), 44 NIG (M age = 17.06, sd = .65; 15 boys; 39 Romanian, 2 Roma,
3 other/unknown) with sufficient behavioral and EEG data at age 16,
were analyzed for comparison with each of the intent-to-treat groups. An
additional 4 NIG were analyzed for analyses of behavioral data as these
participants either did not have EEG data collected or the EEG contained
too few trials per condition following preprocessing. For analyses
involving measures of psychopathology, 48 NIG had available psycho-
pathology data for analyses at age 16. For modeling of mediofrontal
theta development across adolescence, 44 NIG had sufficient behavioral
and EEG data at the 12-year visit.
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2.1.3. Ethical considerations

For complete details of the BEIP study design and implementation
see Zeanah and colleagues 2003. Care was taken to ensure ethical
integrity of this study, with IRB approval from Boston Children’s Hos-
pital protocol number 10-04-0185; University of Maryland relied on this
protocol and Tulane University protocol number 196,018. Parents or
guardians provided consent at each assessment and children assented to
participate in the reported 12- and 16-year visits and to each procedure.
For a more complete discussion of the ethical aspects of this study, see
prior publications e.g., Miller, 2009; Zeanah et al., 2012).

2.2. Go/Nogo task

At both the 12- and 16-year visits, participants completed a modified
go/nogo task (Lamm et al., 2018) in which responses to frequently
presented go stimuli (any letter other than “X”) had to be made, while
withholding responses to infrequently presented nogo stimuli (the letter
“X); the letter “K” was never presented due to its perceptual similarity
to the nogo letter “X”. On each trial, a white fixation asterisk was pre-
sented for 100 ms on a solid black background, followed by an uppercase
letter (white, 170 pt., Times New Roman font) for 500 ms, and then a
500 ms blank screen; see Fig. 1). Participants were required to respond
within 1000 ms via an EGI response pad (Electrical Geodesic, Inc.,
Eugene, OR). Following a practice block of 10 trials, participants
completed two 140-trial experimental blocks that consisted of 70 % go
and 30 % nogo stimuli. Go and nogo stimuli were presented in a
pseudo-random order, such that all nogo trials were preceded by at least
one go trial. Additionally, each block of 140 trials was initiated by a
stream of an additional 20 consecutive go trials in order to build up a
prepotent response tendency towards go stimuli. The go/nogo task was
presented on a 17” monitor using E-Prime software (Psychological
Software Tools, Pittsburgh, PA). Note that a go/nogo task was also
completed at the 8-year visit (McDermott et al., 2012), however, these
data are not included due to differences task parameters and the EEG
system employed.

2.3. Assessment of transdiagnostic risk for psychopathology

Caregivers and teachers completed the MacArthur Health and
Behavior Questionnaire (HBQ), which provides dimensional assessment
of physical and mental health in youth (Luby et al., 2002). Consistent
with recent transdiagnostic formulations of general psychopathology
(Caspi et al., 2014), we used the HBQ to assess general psychopathology
by employing a latent bifactor model in which a single factor captured
the shared variance across domains of psychopathology (i.e., “P factor”),
and two additional factors captured variance in internalizing and
externalizing symptoms that were not accounted for by the general
factor (for complete details of this approach, see Wade et al., 2018). The
factor scores for general psychopathology, internalizing, and external-
izing described by Wade et al. (2018) were saved and used as manifest
variables to assess relations with mediofrontal theta. In the supplement,
we present a more traditional set of analyses that employ the HBQ
Internalizing, Externalizing, and ADHD composite variables. These an-
alyses yield results that are consistent with those presented in the main
text.

2.4. EEG acquisition and preprocessing

At ages 12 and 16, EEG data were collected via a 64-channel
HydroCel Geodesic Sensor Net and EGI software (Electrical Geodesic,
Inc., Eugene, OR). All EEG analyses were performed using the EEGLAB
toolbox (Delorme and Makeig 2004), custom MATLAB scripts (The
MathWorks, Natick, MA) and additional MATLAB scripts provided by
other researchers (Bernat et al., 2005). Electrode impedances were
lowered to < 50 kQ prior to beginning recording, given that a high
input-impedance system was used. Online, data were sampled at 250 Hz
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Fig. 1. Go/nogo task. On each trial, a fixation
asterisk was presented for 100 ms, followed by
an uppercase letter for 500 ms, and then a 500
ms blank screen. Participants were required to
respond within 1000 ms to frequently presented
“go” stimuli (any letter other than “X”) and
withhold responses to infrequently presented
“nogo” stimuli (the letter “X™). Go/nogo stimuli
were presented in a 70/30 ratio in a pseudo-
random order, with all nogo trials preceded by
at least one nogo trial; each experimental block
was initiated by a stream of an additional 20
consecutive go trials in order to build up a pre-
potent response tendency towards go stimuli.

Nogo Stimulus (500 ms)

]

Go Stimulus (500 ms)

and referenced to the vertex. Following acquisition, a systematic marker
offset of 18 ms was corrected for the EGI system. Data were high-pass
filtered at .3 Hz; a low- pass filter with a 39 Hz passband and 49 Hz
stopband was used. FAST tools (Nolan et al., 2010) were employed to
identify and remove bad channels. To identify and remove artifacts, ICA
decomposition was run on a copy of the dataset with an additional 1 Hz
high-pass filter (Viola et al., 2010). The 1 Hz filtered data set was
epoched into arbitrary 1 s epochs; noisy epochs were detected and
removed if amplitude was +/- 1000 u V or power within the 20-40hz
band (after Fourier analysis) was greater than 30 dB. Further, if a
channel led to > 20 % of data being rejected, this channel was instead
rejected. ICA was run on the 1 Hz high-pass filtered dataset and ICA
weights were copied back to the original (continuous) .3 Hz high-pass
filtered dataset (for details of this approach, see Viola et al., 2010); all
subsequent processing was performed on the .3 Hz high-pass filtered
dataset. ICA components capturing artifacts (e.g. blinks, saccades) were
automatically detected via the ADJUST toolbox (Mognon et al., 2011),
followed by manual inspection of ICA components, before being sub-
tracted from the data.

EEG data were epoched to the response markers from -1000 to 2000
ms and baseline corrected using the -400 to —200 ms period preceding

response. A final rejection of +/- 125 u V was used to identify and
remove bad epochs in the data that might have been missed by other
methods; if > 20 % of the data were rejected, the channel was rejected
instead. All missing channels were interpolated using a spherical spline
interpolation and then referenced to the average of all electrodes. Given
a focus on theta band activity, data were down-sampled to 32 Hz to
improve computational speed with no loss to the signal of interest (i.e.
theta = ~4—8 Hz; Nyquist =16 Hz).

Deciding how many clean EEG trials each participant should have, in
order to be included in error-related analyses, involves balancing reli-
ability of the EEG signal on the one hand, and risk of creating a biased
sample on the other. Creating a biased sample through participant
exclusion is particularly problematic within the context of an RCT
follow-up and/or a unique and valuable sample. Moreover, simulation
studies have yet to identify the optimal number of trials necessary for
calculating reliable error-related theta signals. However, two indepen-
dent simulation studies of the associated “error-related negativity”
(ERN), a time domain EEG signal that theta is known to contribute
substantially to (Trujillo and Allen, 2007), suggest that either 4-6
(Steele et al., 2016) or 6-8 (Pontifex et al., 2010) trials are needed to
identify a reliable ERN. Therefore, we initially conducted analyses of the
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age 16 data utilizing an inclusion criterion of 4 trials to maximize
participant inclusion and guard against a biased sample. Subsequently,
we re-ran all analyses after removing participants (1 CAUG, 2 FCG, 2
NIG) with less than 6 trials per condition and found qualitatively similar
results for all reported effects. Given that all statistical analyses yielded
qualitatively similar results regardless of whether a 4 or 6 trial threshold
was used, the main text reports results reflecting the more conservative
inclusion threshold of 6 trials, and the supplement reports the same
analyses when using the more liberal inclusion threshold of 4 trials.

As part of a standard preprocessing pipeline of time-frequency data
that allows meeting additional assumptions necessary for synchrony-
based analyses, a subsampling approach was implemented (Buzzell
et al.,, 2018). However, given that the subsampling procedure was
conducted only as a preprocessing step for analyses of synchrony (not
reported here) and do not serve to improve the reported power-based
analyses, details of the subsampling procedure are described in the
supplement.

2.5. Time-frequency and principle components analysis

For the age 16 data, we employed a multi-step procedure to optimize
extraction of mediofrontal theta oscillations associated with cognitive
control. First, we employed Cohen’s class reduced interference distri-
butions (RID), which yield superior time-frequency resolution (Bernat
et al, 2005), to decompose a time- frequency representation of
response-locked average power; delta band activity was filtered out
using a 2 Hz high-pass filter prior to TF decomposition to isolate theta
activity. Next, we subjected the average power time-frequency surface
to principal components analysis (TF-PCA; Bernat et al., 2005) to isolate
separate sources of theta activity peri-response. Investigation of the
scree plot suggested a 2-factor solution described the data best. This
2-factor solution identified a clear mediofrontal theta band factor
maximal immediately following the response, consistent with prior
work investigating post-error theta (Cavanagh et al., 2009). After
identifying the mediofrontal theta band factor using the average power
time-frequency surface, we applied these factor loadings to a
time-frequency decomposition of total power, again using Cohen’s Class
RID and pre- filtering out delta. Identifying factor loadings first within
the TF surface for average power improves separation of TF events;
applying these loadings to a TF decomposition of total power in-
corporates both phase-locked and non-phase-locked data (Cohen 2014),
the most commonly employed metric for studying mediofrontal theta
associated with cognitive control (Cohen 2014). All subsequent analyses
and references to “theta power” in the text refer to the total power
measure weighted by the average power TF-PCA loading. For analyses
and plotting, mediofrontal theta power was averaged within each con-
dition of interest for a cluster of electrodes that included E4 (approxi-
mately equal to FCz) and the two immediately adjacent electrodes to the
left and right of E4 (E7 and E54); see supplement for a diagram of
electrode locations. This cluster of electrode locations is consistent with
a review of studies investigating mediofrontal theta (Cavanagh and
Frank, 2014).

For the longitudinal analyses of mediofrontal theta power, the 12-
year EEG data was analyzed using identical procedures as those
described for the 16-year data. Participants with less than 6 trials per
condition (3 CAUG and 1 FCG) were not included in the longitudinal
EEG analyses. Given that a TF-PCA approach was employed for the 16-
year data, the same TF-PCA loadings were applied to the 12-year data, to
ensure comparable neural processes were analyzed at each timepoint
and to facilitate the interpretation of any longitudinal changes.

2.6. Analysis Software
Data reduction and statistical analyses were performed using Matlab

2014b (The MathWorks, Natick, MA), SPSS version 25.0 (IBM Corp.,
Armonk, NY) and Mplus version 7.3 (Muthnn and Muthnn, 2012). Prior

Developmental Cognitive Neuroscience 43 (2020) 100777

to conducting independent-samples t-tests, Levine’s test for equality of
variances was conducted; the Welch t statistic (Welch, 1947) was
substituted for the traditional independent-samples t-tests, where
appropriate, when equal variances between groups could not be
assumed (for simplicity, raw degrees of freedom are reported for all
t-tests).

2.7. Statistical Analysis of Behavioral data at age 16

2.7.1. Overdll go/nogo accuracy and RT

Percentage of correct go and nogo trials were calculated; participants
were required to have a go accuracy above 60 % to be included in further
behavioral and EEG analyses (all participants at the 16-year visit met
this criteria; at the 12-year visit, one participant from the FCG was
removed from the longitudinal EEG analyses based on these criteria).
Mean RT was calculated for trials with a response (correct-go and error-
nogo). Using an intent-to-treat RCT analysis approach, an ANOVA model
tested the effect of RCT group (CAUG, FCG) and trial type (go, nogo) on
accuracy. Similarly, an ANOVA model tested for RCT group and trial
type (go-correct, nogo-error) RT effects. See supplement section for
behavioral analyses of the NIG.

2.7.2. Post-error accuracy

In line with the notion that cognitive control reflects the ability to
monitor and adapt behavior in order to achieve task goals, a classic
behavioral index of cognitive control is post-error accuracy (PEA; Dan-
ielmeier and Ullsperger, 2011), which captures the degree to which
participants adapt their behavior following errors. PEA was calculated
as go-trial accuracy following error responses relative to go-trial accu-
racy following correct responses. In this way, PEA reflects the differ-
ential performance on go trials, as a function of whether the prior trial
was an error-of-commission or not; relatively more positive values for
PEA are interpreted as reflecting greater cognitive control.

To determine whether the RCT foster care intervention led to overall
changes in cognitive control at the behavioral level, we employed an
intent-to-treat comparison of PEA values for the CAUG and the FCG via
an independent-samples t-test; see supplement for analyses of PEA
involving the NIG. In order to determine whether the timing of foster
care placement influenced the magnitude of relations between the foster
care intervention and later PEA, we tested whether timing (age) of foster
care placement for the FCG correlated with PEA; to isolate effects of
foster care placement timing from potential effects of the overall dura-
tion of time spent in foster care (earlier foster care placement, on
average, is associated with a longer duration of time spent in foster care)
we controlled for the percentage of time a child spent in foster care by
age 16. Additionally, we tested whether individual differences in
mediofrontal theta were correlated with PEA.

2.8. Statistical analysis of mediofrontal theta power at age 16

2.8.1. Intent-to-treat RCT analysis

Leveraging the RCT design and an intent-to-treat analysis approach,
an ANOVA model with RCT group (FCG, CAUG) and trial type (error,
correct) as factors assessed the impact of early experience on PC-
weighted mediofrontal theta total power.

2.8.2. Comparisons with NIG

To determine whether improvements observed for the FCG reflect
normative neurocognitive functioning, or only relative improvement
compared to the CAUG, we incorporated a control group of never-
institutionalized adolescents residing in Bucharest, Romania (NIG).
Towards this end, we employed a 2 trial type (error, correct) X 3 group
(CAUG, FCG, NIG) ANOVA to analyze mediofrontal theta across the
three groups. Follow-up analyses employed error-related mediofrontal
theta difference scores (error minus correct) to isolate error-related
mediofrontal theta effects across groups.
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2.8.3. Timing of foster care placement

We also tested whether the age of foster care placement (within FCG)
was correlated with error-related mediofrontal theta difference scores.
To isolate effects of foster care placement timing from potential effects of
the overall duration of time spent in foster care, we controlled for the
percentage of time a child spent in foster care by age 16 when testing
whether placement timing predicted mediofrontal theta.

2.8.4. Indirect neural pathway to general psychopathology at age 16

A series of Pearson’s product-moment correlation tests assessed
whether error-related mediofrontal theta power related to the general
psychopathology factor, as well as the externalizing and internalizing
factors. Next, the potential for error-related mediofrontal theta to serve
as an indirect neural pathway linking early neglect to adolescent psy-
chopathology was tested within a path analytic framework. Indirect
effects of RCT group on general, externalizing, and internalizing psy-
chopathology through error-related mediofrontal theta difference scores
were tested using a maximum likelihood (ML) estimator, and the sig-
nificance of the indirect effects were evaluated across 10,000 bootstrap
samples. A similar model was also estimated among the FCG by sup-
plementing the binary RCT group predictor with a continuous measure
of age at foster care placement. Given that psychopathology and medi-
ofrontal theta were both assessed at age 16, we also re-ran the models
when reversing the order of these variables; these additional analyses
allowed us to determine if the indirect effects were only significant when
mediofrontal theta was employed as the intervening variable (see
supplement).

2.9. Longitudinal analysis of mediofrontal theta and psychopathology
across ages 12-16

While the current study focuses on the most-recent, age 16 data, we
also reanalyzed EEG data from the 12-year assessment in order to further
explore whether error-related mediofrontal theta serves as an indirect
neural pathway linking early neglect to adolescent psychopathology.
Specifically, we tested whether RCT group predicted developmental
changes in mediofrontal theta (across ages 12-16), and if such changes
further predicted developmental changes in general psychopathology
across the same period of adolescence. Towards this end, we fit a
bivariate latent change score model (Kievit et al., 2018) that allows for
isolating 12-year (baseline) mediofrontal theta and general psychopa-
thology symptoms, as well as 12-16-year development (latent change
scores) for each construct. The bivariate latent change score model
described by Kievit et al. (2018) was modified to allow for testing the
indirect effect of RCT group on developmental changes in general psy-
chopathology (latent change score) through developmental changes in
mediofrontal theta (latent change score). The model also tested whether
RCT group predicted baseline differences in mediofrontal theta or gen-
eral psychopathology, and possible indirect effects associated with these
variables. In Fig. 9, the indirect effect of RCT group on developmental
changes in general psychopathology (latent change score) through
developmental changes in mediofrontal theta (latent change score) is
depicted in red; the subset of the model capturing latent change (and
baseline levels) of mediofrontal theta are drawn in purple, latent change
(and baseline levels) of general psychopathology are drawn in green. All
effects were tested using an ML estimator and significance was evaluated
across 10,000 bootstrap samples. An additional bivariate latent change
score model was run when reversing the order of the latent change score
factors to determine if the indirect effect was only significant when
latent change in mediofrontal theta was employed as an intervening
factor (see supplement). Further, we fit a latent change score model for
the NIG in order to determine the typical pattern of mediofrontal theta
development over the 12-16-year period (see supplement).
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3. Results
3.1. Behavioral performance at age 16

3.1.1. Accuracy and RT

Consistent with prior go/nogo studies (Lamm et al., 2018; McDer-
mott et al., 2012), participants were more accurate for go compared to
nogo trials [F(1, 87) = 269.59, p < .001], and faster on nogo-error
compared to go-correct trials [F(1, 87) = 166.09, p < .001]. No main
effect of RCT group emerged for overall accuracy [F(1, 87) = 1.51,p =
.223] or RT [F(1, 87) = 0.002, p = .961], and no interactions between
trial and group emerged for overall accuracy [F(1, 87) = 0.09, p = .763]
or RT [F(1, 87) = 3.23, p = .076]. However, we report below significant
differences in post-error accuracy, a classic index of cognitive control, as
a function of RCT group. Table 1 presents behavioral data as a function
of trial type and RCT group; see supplement for further behavioral an-
alyses of the never-institutionalized group (NIG).

3.1.2. Post-error accuracy

The CAUG exhibited significantly lower (relatively more negative)
PEA compared to the FCG [t(1, 87) = -2.29 p = .025], suggesting that the
CAUG were less likely to positively adapt their behavior following errors
and, instead, were more likely to commit additional errors [CAUG M
PEA =-9.70 % (SE = 2.23 %) vs. FCG M PEA = -3.79 % (SE = 1.29 %)];
see Fig. 2. Similar results were obtained after removing a potential
outlier from the FCG in this analysis [t(1, 86) = -2.93 p = .005]. See the
supplement for further analyses of PEA that incorporate the NIG.

In addition to RCT group-level improvements in PEA, we tested
whether timing of the foster care intervention (controlling for the
overall duration of time spent in foster care) was related to PEA. Indeed,
placement into foster care at younger ages was associated with greater
(relatively more positive) PEA (partial r = -.323, df = 41, p = .035); this
effect was largely the same after removing a potential outlier (Fig. 3;
partial r = -.299, df = 40, p = .055). Moreover, no association between
foster care duration and PEA was identified (either with the potential
outlier included: r = -.114, p = .457; or without the potential outlier: r =
-.079, p = .636), reinforcing the notion that placement timing, as
opposed to the overall duration of time spent in foster care, influenced
the degree to which the foster care intervention led to improvements in
PEA, a classic index of cognitive control. Although we describe similar
patterns of change for error-related mediofrontal theta below, individual
differences in PEA were not correlated with mediofrontal theta (r = -.02,
p = .864).

3.2. Effects of early experience on 16-year mediofrontal theta

3.2.1. Foster care placement increases error-related mediofrontal theta
Analyses focused on response-locked changes in mediofrontal theta
power on nogo-error and go-correct trials, as each involve a response,
but errors are known to elicit theta power increases reflecting cognitive
control (Cavanagh et al., 2009). Following data reduction via
time-frequency PCA (Bernat et al., 2005), we used an intent-to-treat
analysis comparing RCT groups (FCG versus CAUG) to assess whether

Table 1
Accuracy and RT as a function of trial type and group.
Accuracy (%) RT (ms)
Go Nogo Go-correct Nogo-error
CAUG 96.06 72.81 332.42 288.37
(4.1 (14.27) (37.57) (42.12)
FCG 97.70 75.29 326.63 293.37
(2.69) (13.99) (34.49) (44.74)

Note. Means (and standard deviations) for accuracy and response time (RT), as
function of group (CAUG, care-as-usual group; FCG, foster-care group) and trial
type (Go, Nogo).
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removal from an institution and placement in a family (FCG) yielded
increased

mediofrontal theta power (PC-weighted total power) for events that
trigger cognitive control (errors). Consistent with prior work (Buzzell
et al.,, 2018; Cavanagh et al., 2009), errors yielded increased medi-
ofrontal theta power compared to correct trials [F(1, 75) = 73.65, p <
.001]; see Fig. 4. No main effect of group was identified [F(1, 75) = 2.57,
p = .113]; however, RCT group interacted with trial type [F(1, 75) =
5.81, p = .018] - the nature of this interaction was such that the FCG
exhibited increased mediofrontal theta compared to the CAUG on error
trials [t(1, 75) = 2.08 p = .041], but not correct trials [t(1, 75) =.30p =
.764]; see Fig. 5. This pattern suggests that, within the foster care group,
there was a selective improvement in mediofrontal theta associated with
cognitive control (in response to errors), as opposed to nonspecific in-
creases in overall theta power. Therefore, subsequent analyses focused
on an error-related mediofrontal theta difference score (error minus
correct; Fig. 6).

3.2.2. Comparisons of error-related mediofrontal theta with the NIG

The 2 trial type (error, correct) X 3 group (CAUG, FCG, NIG) ANOVA
revealed a main effect of trial type, with increased mediofrontal theta
power for errors compared to correct trials [F(1, 116) = 133.39, p <
.001]. No main effect of group (CAUG, FCG, NIG) was identified [F(2,
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116) = 1.40, p = .252]; however, group (CAUG, FCG, NIG) interacted
with trial type [F2116 = 3.36, p = .038]. Follow-up paired comparisons
demonstrated that error-related mediofrontal theta was lower for the
CAUG compared to the NIG [t(1, 79) = -2.06, p = .043], as well as for the
CAUG compared to the FCG [t(1, 75) = -2.40, p = .019]. In contrast, the
FCG yielded levels of mediofrontal theta that were comparable to the
NIG [#(1, 78) = 0.70, p = .4871].

3.3. Placement timing is associated with greater error-related
mediofrontal theta

Within the FCG, we tested whether age of placement into the foster
care intervention (controlling for the overall duration of time spent in
foster care) was associated with mediofrontal theta. Consistent with a
sensitive period in early childhood suggested by animal work (Sarro
etal., 2014), placement into foster care at younger ages was associated
with greater error related mediofrontal theta difference scores (partial r
= -.365, df = 34, p = .029; see Fig. 7). No direct effect of foster care
duration on mediofrontal theta was identified (r = -.105, n = 38, p =
.532), reinforcing the notion that placement timing, as opposed to the
overall duration of time spent in foster care, influenced the magnitude of
the foster care intervention effect. See Table 2 for bivariate correlations
amongst the study variables.

3.3.1. Mediofrontal theta as an indirect neural pathway to general
psychopathology

We next tested whether disruptions to mediofrontal theta reflected
an indirect neural pathway to psychopathology. Here, we followed
recent work that models psychopathology in terms of both general (i.e.,
transdiagnostic) and specific psychopathology risk (Caspi et al., 2014;
Wade et al., 2018). At age 16, reductions in error-related mediofrontal
theta difference scores were associated with increased general psycho-
pathology (r = -.380, n = 76, p = .001) but were unrelated to specific
internalizing (r = .039, n = 76, p = .735) or externalizing (r =.014,n =
79, p = .865) factors after accounting for general psychopathology; see
Table 2. Using path analysis, there was a significant indirect effect from
RCT group to the general psychopathology factor through error-related
mediofrontal theta difference scores (B =-.212, 95 % CI = -.416 —-.059),
but not the externalizing or internalizing factors (Fig. 8 and Table 3). See
the supplement for consistent results when using a more traditional set
of analyses of the HBQ Internalizing, Externalizing, and ADHD com-
posite variables, such that mediofrontal theta formed a significant in-
direct effect linking the intervention and all three psychopathology
scales. Similarly, an exploratory analysis within only the FCG revealed
an indirect effect from timing of foster care placement to general psy-
chopathology through error-related mediofrontal theta difference scores
(B =.019, 95 % CI = .001-.053); see supplement for further details.
When mediofrontal theta was used as the outcome variable and psy-
chopathology was the intervening variable (i.e., variable order was
reversed), the same indirect effects were not observed, providing further
support for the direction of effects.

3.4. Longitudinal change (ages 12-16) in mediofrontal theta and
psychopathology

While we report above that placement into foster care predicted
higher levels of mediofrontal theta by age 16, RCT group did not
significantly predict age 12 (baseline) levels of mediofrontal theta or
general psychopathology (see Fig. 9 and Table 4). However, RCT group
predicted developmental change in mediofrontal theta from 12 to 16
years. On average, adolescents exhibited a decrease in mediofrontal
theta from ages 12-16 (negative mediofrontal theta latent change score;
B =-.978, 95% CI = -.992 - -.965); a similar pattern was also observed
for the NIG (see supplement). Placement into foster care yielded less of a
decline from age 12-16 (positive effect of RCT group on mediofrontal
theta latent change score; B = 0.018, 95% CI = .002 - -.035), leaving
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these adolescents with relatively higher levels of mediofrontal theta by
age 16, compared to the CAUG. In turn, less of a decline in mediofrontal
theta across adolescence was associated with greater reductions in
general psychopathology over the same period of development (nega-
tive effect of mediofrontal theta latent change score on the general
psychopathology latent change score; B = -5.622, 95% CI = -10.405 -
-1.719). Ultimately, placement into foster care indirectly predicted
greater reductions in general psychopathology from ages 12 to 16
through less of a decline in mediofrontal theta across the same period

(indirect effect of RCT group on the general psychopathology latent
change score, through the mediofrontal theta latent change score; B =
-.099, 95 % CI = -.256 - -.010). See Fig. 9 and Table 4 for a complete
description of the model results; no other indirect effects were signifi-
cant for this model. Moreover, no indirect paths were significant when
the order of the factors (latent change in mediofrontal theta and latent
change in general psychopathology) were reversed, supporting the di-
rection of effects presented here (see supplement). Additionally, further
tests of moderated mediation were not significant (see supplement),
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reinforcing the interpretations presented here.
4. Discussion

In the current study we investigated the effect of a high-quality foster
care intervention versus prolonged institutional deprivation on event-
related mediofrontal theta oscillations and cognitive control behavior
in humans. By age 16, adolescents who spent their early lives in insti-
tutional care but were subsequently randomized to foster care (FCG)
exhibited enhanced error-related mediofrontal theta power and were
more likely to adapt their behavior following errors (PEA) compared to
children who experienced prolonged institutional rearing (CAUG).
Earlier placement into foster care was associated with higher levels of
mediofrontal theta, as well as relatively greater PEA. By age 16, the
foster care intervention also yielded comparable mediofrontal theta to
that of a group of never-institutionalized adolescents (NIG). Finally,
reduced mediofrontal theta reflected an indirect neural pathway linking
early neglect to general psychopathology, as opposed to specific asso-
ciations with internalizing or externalizing factors once general psy-
chopathology was accounted for. Whereas mediofrontal theta was found
to decrease from ages 12-16 on average, placement into foster care
yielded less of a decline in mediofrontal theta over this period. In turn,
changes in mediofrontal theta development were predictive of greater
reductions in general psychopathology across this same period. These
results provide empirical evidence in humans that mediofrontal theta is
impacted by the removal from situation of early neglect, thus offering a
translational link between studies of neglect in animal models and non-
invasive assessment of neural function in humans. The current findings
bear similarity to reports of reduced mediofrontal theta in rodent models
of neglect/ maternal separation (Courtiol et al., 2018; Reincke and
Hanganu-Opatz, 2017; Sarro et al., 2014), but also highlight the clinical
relevance of studying longitudinal changes in mediofrontal theta across
the human adolescent period. Future studies may leverage assessments
of mediofrontal theta in human and animal work to enhance under-
standing of neglect and associated transdiagnostic risk for
psychopathology.

Modulation of mediofrontal theta oscillations reflects a fundamental
mechanism of cognitive control across mammalian species, allowing
self-monitoring and adaptive behavior (Cavanagh and Frank, 2014). In
rodents, neglect impairs mediofrontal theta power (Reincke and
Hanganu-Opatz, 2017) and maternal presence/absence drives
event-related increases/decreases in mediofrontal theta (Courtiol et al.,
2018; Sarro et al., 2014). In humans, prior work demonstrates that
neglect leads to deficits in neural structures supporting cognitive control
(MRL Hodel et al., 2015; McLaughlin et al., 2014), indirect markers of
cognitive control function (event-related potentials; McDermott et al.,
2013; Troller-Renfree et al., 2016), and behavioral outputs of cognitive
control (Bauer et al., 2009; Bruce et al., 2009; Hostinar et al., 2012;
Pollak et al., 2010; Sheridan et al., 2017). The current results expand on
this literature by providing experimental evidence in humans that a
direct functional mechanism of cognitive control, mediofrontal theta, is
also impacted by early neglect.

Assessment of mediofrontal theta predicted transdiagnostic psycho-
pathology, as opposed to specific associations with internalizing or
externalizing factors once transdiagnostic risk was accounted for.
Whereas prior work has found that indirect markers of cognitive control
function were associated with externalizing symptoms in the context of
neglect (McDermott et al., 2013; Troller-Renfree et al., 2016), the cur-
rent approach of mediofrontal theta measurement and transdiagnostic
assessment of psychopathology provides a more nuanced perspective.
Neglect appears to drive impairments in the cognitive control system
(reduced mediofrontal theta), which is in turn associated with broad risk
for psychopathology that cuts across diagnostic categories. Once this
transdiagnostic risk is accounted for, no unique prediction of internal-
izing or externalizing factors was detectable. These findings are in line
with recent work demonstrating that changes in executive functions, at
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Table 2
Bivariate correlations at age 16.
2 3 4 5 6 7 8

1. Correct Theta .598%* .077 7.097A .094 .068 —.120 —.068

2. Error Theta .845%* —.291 —.039 .068 —.053 —.344*

3. Error Minus Correct Theta —.296 —.105 .039 .014 —.380%*

4. Age of Placement —.362%* —.008 .001 —.004

5. Percent Time in Foster Care .007 —.008 —.024

6. Internalizing (I) —.244* .085

7. Externalizing (E) 170

8. General Psychopathology (P)
Note. Correlations involving variables 4 and 5 only include the Foster Care Group (FCG).

p<.l
: p <.05.
- p <.01.
i = *
Mediofrontal 8.542 General
thets power > sychopatholo,
difference score psychop By
.025*
-.093 1.835
Sroup i Internalizin
(FCG vs. CAUG) g
-.364
1.444

Externalizing

Fig. 8. Bootstrapped indirect effects of RCT group on general psychopathology through error-related mediofrontal theta. Unstandardized effects are reported; *
indicates significance using bias-corrected bootstrapped 95 % confidence intervals. RCT group (FCG vs. CAUG) exhibited a significant indirect effect on general

psychopathology through error-related mediofrontal theta.

Table 3

Total, direct, and indirect effects of RCT group (FCG vs. CAUG) on general,
internalizing and externalizing psychopathology factors through error-related
mediofrontal theta.

General Internalizing Externalizing
—.305 033 _.328
Total effect [-.68, .07] [-.31, .37] [-.76, .07]
Direct effect —093 —012 —-354
[-.46, .28] [-.38, .36] [-.85, .09]
. 212" 046 025
Indirect effect [-.416, -.059] [-.05, .21] [-.08, .18]

" p < .05; unstandardized estimates and 95 % bias-corrected bootstrapped
confidence interval.around estimate.

the behavioral level, mediate links between early neglect and later
transdiagnostic risk (Wade et al., 2019a, b); the current study provides a
potential neural process associated with such relations. Moreover, as-
sociations between mediofrontal theta and transdiagnostic risk are
consistent with recent work that did not assess neglect but finds the
neural structures (MRL McTeague et al., 2016), indirect markers (fMRI;
Kohn et al., 2014; McTeague et al., 2017), and behavioral outputs
(White et al., 2017) associated with cognitive control confer a similar
association with general psychopathology. The current findings are the
first evidence that mediofrontal theta confers transdiagnostic risk, in any
context.
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4.1. Why is theta reduced following neglect?

The current findings demonstrate that children with prolonged
psychosocial deprivation exhibit impaired task-related mediofrontal
theta in adolescence. This is paralleled by rodent work showing that
repeated exposure to maternal separation during the preweaning period
leads to lasting impairments in mediofrontal theta during the juvenile
period (Reincke and Hanganu-Opatz, 2017). Additional rodent work
may provide insight into why neglect leads to reductions in mediofrontal
theta. During the preweaning period, maternal presence is associated
with event-related increases in mediofrontal theta of rat pups, compared
to reductions when the mother is absent or when the rat pup is removed
from the nest (Courtiol et al., 2018; Sarro et al., 2014). Thus, chronic
separation is characterized by fewer opportunities for the developing
brain to generate event-related increases in theta. Neural oscillations
recorded via LFP and EEG primarily reflect synchronous post-synaptic
potentials across pyramidal neurons, which further increases the like-
lihood of these neurons firing closely together in time (Nunez and Sri-
nivasan, 2006). A general principle of neuroscience is that synapses
between neurons that regularly fire together are strengthened and less
likely to undergo neuronal pruning (Hebb, 1949), increasing the likeli-
hood of subsequent coactivation (also see: McLaughlin et al., 2017).
Indeed, cortical oscillations directly influence cortical development and
the maintenance of neuronal ensembles (Uhlhaas et al., 2010). Thus,
repeated exposure to events that increase mediofrontal theta power
early in life (e.g., caregiver stimulation) may increase the likelihood that
theta-generating mediofrontal neuronal ensembles persist into the
juvenile/adolescent period. In line with the experimental (RCT) findings
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.001*
.665*
-.009
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Fig. 9. Bivariate Latent Change Score Model. Unstandardized effects are reported; * indicates significance using bias-corrected, bootstrapped 95 % confidence
intervals. The significant indirect effect of RCT group on developmental changes in general psychopathology (latent change score) through developmental changes in
mediofrontal theta (latent change score) is depicted in red; latent change (and baseline levels) of mediofrontal theta are drawn in purple, latent change (and baseline
levels) of general psychopathology are drawn in green. Foster care group (FCG); Care as usual group (CAUG).

reported here, recent correlational work has demonstrated that varia-
tions in socioeconomic status, which is associated with the quality
and/or frequency of parent-child interactions, also impacts mediofrontal
theta (Conejero et al., 2018). This hypothesis is further supported by
work demonstrating that oscillatory stimulation causes release of
brain-derived neurotrophic factor (BDNF), promoting cellular growth
(Balkowiec and Katz, 2002). Therefore, it is possible that early neglect
may result in lower event-related mediofrontal theta modulation early
in life, which in turn reduces the likelihood that theta-generating
mediofrontal neuronal ensembles persist.

4.2. Why is the developmental pattern of theta impacted?

It is important to note that early neglect was found to impact
mediofrontal theta by age 16, but not age 12. Moreover, early neglect
predicted differences in the developmental slope of mediofrontal theta
across adolescence (ages 12-16). On average, adolescents within each of
the RCT groups, as well as the NIG, exhibited decreases in mediofrontal
theta across adolescence; however, placement into foster care yielded a
less steep decline in mediofrontal theta across this developmental win-
dow, relative to the CAUG. Limited work has explored mediofrontal
theta development during the adolescent period and to our knowledge,
extant research has only employed cross-sectional designs to study how
mediofrontal theta changes during this period. Broadly, the emerging
literature suggests that task-related theta power and synchronization
generally increase from childhood to adulthood, with one exception
being the adolescent period. During early to late adolescence, at least
two cross-sectional studies have demonstrated that mediofrontal theta
synchronization decreases, on average, which mirrors the overall
pattern observed in the current longitudinal study. Crowley et al. (2014)
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reported that task-related mediofrontal theta power and synchroniza-
tion increased from childhood to early adolescence, but then decreased
from early to late adolescence. Similarly, Uhlhaas et al. (2009) showed
that task-related mediofrontal theta synchronization increased from
childhood to early adolescence, decreased from early to late adoles-
cence, and then exhibited further increases from late adolescence to
adulthood. Critically, the current study provides the first evidence of a
longitudinal decrease in theta during the adolescent period, regardless
of early caregiving context, consistent with prior cross-sectional work. It
is important to note that patterns of theta recorded at rest, as opposed to
in response to task events, can show alternative patterns of age-related
change (Marek et al., 2018)

The current study demonstrates that adolescent decreases in medi-
ofrontal theta are less pronounced for individuals placed into foster care
early in life, relative those that remain in institutions. It currently re-
mains unclear as to why removal from situations of neglect early in life
would produce a “sleeper effect” for mediofrontal theta, with the ben-
efits of foster care not becoming fully apparent until the adolescent
period. However, adolescence is a time of dramatic social and neural
change (Blakemore, 2008; Crone and Dahl, 2012), and early differences
in caregiving could yield cascading effects that manifest during this
unique period of human development. Moreover, we note that such
delayed benefits of foster care have previously been reported by Wade
et al. (2018) in relation to adolescent psychopathology. The current
study extends prior work by demonstrating similar delayed benefits of
foster care on mediofrontal theta development, and that adolescent
changes in mediofrontal theta are inversely related to adolescent
changes in transdiagnostic risk for psychopathology.
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Table 4
Bivariate latent change score model.

Regression Paths LL2.5% B UL 2.5 %

—0.098 -0.027 0.045
—0.634 -0.282 0.081
0.002 0.018 0.035
—0.969 -0.919 -0.873
—10.147 -5.850 -2.106
—0.806 -0.618 -0.459
—0.021 -0.012 -0.004
—10.405 -5.622 -1.719

Group -> 12 yr. Theta

Group -> 12 yr. P

*Group -> Theta Change

*12 yr. Theta -> Theta Change
*12 yr. Theta -> P Change

*12 yr. P -> P Change

*12 yr. P -> Theta Change
“Theta Change -> P Change

Means/Intercepts
“Mean Theta Change
“Mean P Change

*12 yr. Theta (intercept)
*12 yr. P (intercept)

—0.992 -0.978 -0.965
—10.854 -6.164 -2.421
0.121 0.173 0.230
0.074 0.338 0.625

Residual Variances

“Theta Change 0.001 0.001 0.002

“P Change 0.447 0.665 1.036
*12 yr. Theta 0.021 0.029 0.039
12 yr. P 0.711 0.930 1.254

Residual Covariances

12 yr. Theta with 12 yr. P —0.043 -0.009 0.029
Indirect Effects

Group -> 12 yr. Theta -> P Change

Group -> 12 yr. P -> P Change

*Group -> Theta Change -> P Change

Group -> 12 yr. Theta -> Theta Change -> P Change
Group -> 12 yr. P -> Theta Change -> P Change

—0.266 0.157 0.672
—0.046 0.174 0.417
—0.256 -0.099 -0.010
—0.628 -0.139 0.228
—0.072 -0.020 0.001

" Indicates significance using a 95 % confidence interval around unstan-
dardized estimate (B). Lower level (LL); Upper level (UL); General psychopa-
thology (P).

4.3. Limitations and future directions

It is important to note that the sample size for this study is relatively
small. Also, while neglect is the most common form of maltreatment
faced by children, this is only one form of early life stress/adversity that
many children must face, and other forms of early maltreatment (e.g.
physical and emotional abuse, poverty, etc.) may operate via disparate
processes acting on neurodevelopmental outcomes (McLaughlin et al.,
2017; Sheridan and McLaughlin, 2014). Future work should also seek to
directly compare how neglect impacts mediofrontal theta in contrast to
related neural measures, such as the error-related negativity (Troller--
Renfree et al., 2016).

4.4. Conclusions

This study provides experimental evidence that mediofrontal theta is
disrupted by neglect in humans, providing a bridge to animal work,
aiding the translation of animal studies to better understand and inter-
pret neurobiological changes as a result of neglect. Additionally, medi-
ofrontal theta was implicated in a neural pathway associated with
transdiagnostic risk for psychopathology, illustrating the relevance of
this neural process. Mediofrontal theta can be assessed in humans via
EEG, a non-invasive and cost-effective technique that is well-suited for
conducting research in low-resource environments where neglect is
most common. To clarify the neurobiological consequences of neglect
and relations to psychopathology, future translational work can
leverage assessment of mediofrontal theta.
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