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In this longitudinal study of children and adolescents with a documented history of maltreatment, we investigated the impact of
maltreatment on behavioral and neural indices of effort-based decision making for reward and examined their associations with
future internalizing symptoms. Thirty-seven children with a documented history of maltreatment (MT group) and a carefully
matched group of 33 non-maltreated children (NMT group) aged 10-16, completed an effort-based decision-making task during
functional magnetic resonance imaging (fMRI). Internalizing symptoms were assessed at baseline and again 18 months later.
Computational models were implemented to extract individual estimates of reward and effort sensitivity, and neural signals during
decision-making about different levels of reward and effort were analyzed. These were used to predict internalizing symptoms at
follow-up. We identified lower effort-related activation in the anterior cingulate cortex (ACC), a prespecified region-of-interest, in
the MT relative to the NMT group. No group differences were observed in the striatum, or in behavioral indices of reward and effort
processing. Lower effort-related ACC activation significantly predicted elevated internalizing symptoms at follow-up in the MT
group. These findings suggest that disrupted effort-related activation may index latent vulnerability to mental illness in children

who have experienced maltreatment.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-022-01284-7

INTRODUCTION

Maltreatment experienced during childhood, such as neglect,
physical, emotional, and sexual abuse is associated with a higher
risk of poor mental health across a broad range of psychiatric
disorders [1]. While these relationships are well established, there
is still limited understanding of the mechanisms underlying them.
At the neurocognitive level, it has been proposed that certain
brain systems adapt in ways that may confer immediate benefits
in atypical environments associated with maltreatment, but which
are poorly optimized for more normative environments [2]. This
may, over time, contribute to what has been conceptualized as
“latent vulnerability” for a psychiatric disorder [2]. Candidate
cognitive processes in which such changes have been proposed
to confer latent vulnerability include threat processing [3],
autobiographical memory processing [4], executive control [5],
affect regulation [6], and reward processing [7, 8].

As negative outcomes following maltreatment are extremely
diverse, it is likely to be most fruitful to focus on putative
transdiagnostic mechanisms implicated in multiple disorders
[9-11]. A range of common mental health disorders associated
with the experience of maltreatment—including depression,
disruptive behavior disorders, and addiction—are characterized
by atypical reward processing at both behavioral and neural levels
[11-13]. Reward processing has received particular attention in the

field of depression (for a review see [13]), and has also been
implicated in anxiety (e.g., [14]). Converging evidence shows blunted
reward anticipation and poorer ability to adapt behavior as a
function of reward in depression, as well as lower neural activation
in fronto-striatal circuitry [15], including the striatum and anterior
cingulate cortex (ACC) [16, 17]. Importantly, these alterations are
more than simply correlates of concurrent illness, as they have been
shown to predict the subsequent onset of symptoms in longitudinal
work [18]. This suggests that altered reward processing is
mechanistically implicated in the development of depression.
Developmental histories of abuse and neglect can be char-
acterized as representing atypical experience of reinforcement. In
such early adverse environments, rewards and punishments are
less predictable and may be qualitatively different from those
encountered during more normative rearing experiences. For
example, they may be more skewed towards punishment and
absence of reward [19, 20]. Several studies of children and adults
who have experienced childhood maltreatment report altered
behavioral responses towards reward [21, 22], increased apathy
[23, 24], and blunted neural responses, specifically within fronto-
striatal circuitry, during reward anticipation [7, 21, 25-27], or
during the viewing of positive stimuli [8], relative to individuals
with no history of maltreatment. One region frequently implicated
across studies is the striatum [7, 21, 27], a key area for detecting
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and anticipating rewards [28]. Research using animal models of
early-life adversity suggests that neurotransmission in this reward
circuit based on the corticotropin-releasing factor might be
disrupted leading to aberrant development of neural circuits
processing reward signals [29].

While this research has begun to broaden our understanding of
the effects of early adversity on reward processing, extant studies
have focused on a limited set of reward-related processes,
specifically reward anticipation and consummation. This contrasts
with the more fine-grained investigation of reward processing
implicated in specific psychological processes underpinning
motivation, and the use of sensitive computational approaches
that have been adopted in recent studies of both healthy [30] and
depressed individuals [31, 32]. Delineating the way in which
reward and effort processing is altered following maltreatment
experience is essential if we are to develop more precise
mechanistic models of psychiatric vulnerability. Husain and Roiser
[33], for example, have proposed a framework within which effort-
based decision-making for rewards can be experimentally
investigated, particularly in the context of depression, a disorder
commonly associated with maltreatment experience [34].

In one study investigating apathy in a preclinical healthy
sample, Bonnelle et al. [35] developed a computational effort-
based decision-making task for rewards providing individual
measures of effort discounting and reward sensitivity. This task
has good ecological validity as participants are required to exert
real physical effort to gain rewards. In this non-clinical sample,
individuals reporting higher levels of apathy were less willing to
exert effort when rewards were small. A subsequent functional
magnetic resonance imaging (fMRI) study using the same task
reported that apathy scores were associated with lower effort-
related activation in a subset of the effort-processing network,
namely in the supplemental motor area (SMA) and cingulate
motor zones [36]. This is in line with extant prior research which
robustly implicates the ACC as a major hub for the processing of
reward for effort both from human (e.g., [37-42]) as well as animal
studies (e.g., [43, 44]).

However, despite considerable interest in understanding
reward processing in children with maltreatment experience,
there are no studies to date investigating effort-based decision
making for reward in this population. Furthermore, with
two exceptions [7, 27], studies of reward processing in maltreated
individuals have been cross-sectional in design. A longitudinal
design is necessary to shed light on whether any observed
differences associated with maltreatment experience reflect a
latent vulnerability for internalizing psychopathology.

The aim of the present study was to systematically investigate
the behavioral and neural underpinnings of effort-based decision
making for reward and their predictive value for future internaliz-
ing symptoms assessed at an 18-month follow-up, in children and
adolescents with a documented history of maltreatment. Using an
adapted version of the task developed by Bonnelle and colleagues
[36] during fMRI, we were able to assess the propensity to exert
effort for reward in an engaging task that involved actual physical
effort. We employed a Bayesian modeling approach to extract
precise individual measures of reward and effort sensitivity and
examined neural responses to different levels of reward and effort
in a parametric fashion.

The theory of latent vulnerability posits that less frequent
rewards and unpredictable punishments may lead to neurocog-
nitive alterations in reward processing which, over time, increase
vulnerability to internalizing symptomatology. We predicted that,
during effort-based decision making for reward, those with
maltreatment experience compared with non-maltreated peers,
would present with: (i) attenuated brain activation with increasing
effort levels in the striatum and ACC; and (ii) attenuated reward-
related activation in the striatum. We based these predictions
on prior neuroimaging studies of reward in individuals with
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maltreatment experience [21, 26, 27] and computational studies of
effort and reward in non-maltreated adult samples [36, 41, 45, 46].
Furthermore, we predicted that any observed group differences in
the neural response in the striatum or ACC would be associated
with increased risk for future internalizing symptoms at follow-up.
This hypothesis was based on the relationship between attenu-
ated reward processing and depression symptoms found in
samples with maltreatment experience [7, 27]. At the behavioral
level we predicted greater effort sensitivity in those with
maltreatment experience [35, 36], however, we note that previous
research did not find consistent differences on the behavioral level
[7, 21, 22].

METHOD

Procedure

At baseline, participants completed an fMRI session and along with carers
completed a set of questionnaires. Follow-up data was collected for most
participants during a phone interview or in an internet-based ques-
tionnaire due to the Covid-19 pandemic. The follow-up interval was
approximately 1.6 years + 1 month, with no significant difference between
the groups (t(56) = —0.72, p = 0.475; Table S4).

Participants

The study was approved by the UCL Research Ethics Committee. A total
of 39 young people aged 10-16 years with a documented history of
maltreatment (maltreatment group, MT) were recruited from Social
Services London. A sample of 37 typically developing young people (non-
maltreatment group, NMT) was recruited via London schools and
community adverts to match the maltreatment group with regards to
sex, age, pubertal status, ethnicity, socioeconomic status (SES), and
IQ (Table 1). Consent was provided by parents, carers, or social workers if
legal guardianship was with local authorities. All young people provided
their assent for participation. Exclusion criteria included pervasive
developmental disorder including autism, neurological disorders, 1Q <
70, and standard MRI contraindications. Two participants from the MT
group and four from the NMT group had excessive head movement and
were excluded from further analyses (SI; Table S1) leaving a total of 37 MT
and 33 NMT participants. The behavior for one MT participant could
not be fitted with the computational models and was excluded from
these analyses. A total of 27 MT and 31 NMT participants completed the
follow-up.

Measures

Maltreatment history. All participants in the maltreatment group had
experienced a level of maltreatment requiring the intervention of social
services. Occurrence and severity of neglect, emotional abuse, sexual
abuse, and home violence including physical abuse and/or intimate
partner violence were rated by the young person’s social worker using
social services' file information with ratings ranging from zero (not present)
to four (severe) [47] (SI; Table S2).

Background measures. Cognitive ability was assessed at baseline using
two subtests of the Wechsler Abbreviated Scales of Intelligence (WASI-II)
[48]. Pubertal status was assessed by both parent and child report using
the Pubertal Development Scale (PDS) [49]. SES was measured as the
carer's educational level ranging from one (postgraduate degree) to five
(no formal education).

Psychopathology. Parents/carers completed the Strengths and Difficul-
ties Questionnaire (SDQ) [50] assessing general functioning and the Child
and Adolescent Symptom Inventory (CASI) [51] assessing depressive
symptomatology and other symptom areas both at baseline and follow-
up. Young participants completed the Childhood Trauma Questionnaire
(CTQ) [52] at baseline. At follow-up, all carers completed the Coddington
Life Events Scale with appropriate child (up to the age of 12) and
adolescent (13 and older) versions [53]. For those participants who were
followed up after the start of the Covid-19 pandemic, carers also
completed the Coronavirus Health Impact Survey (CRISIS) ‘Baseline
Current  Form’ (https://github.com/nimh-comppsych/CRISIS) assessing
the impact of the pandemic on the child from which an emotional
impact subscale was calculated (SI).
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Table 1.

Baseline

MT Group

(N=37)
Background Measures
Sex, female: n (%) 21 (57)
Age (SD) 13.8 (2.0)
Pubertal status (SD) 2.7 (0.8)
Ethnicity, White: n (%)® 15 (41)
Socioeconomic status (SD) 3.3 (1.0)
Wechsler Abbreviated Scales of Intelligence Il 1Q (SD) 100.7 (11.7)
Psychopathology measures
SDQ total score (SD) (parent report) 11.0 (6.6)
Emotional symptoms (SD) 2.7 (2.2)
Conduct problems (SD) 24 (24)
Hyperactivity (SD) 4.0 (2.6)
Peer problems (SD) 1.9 (1.5)
Prosocial behavior (SD) 8.2 (1.8)
CASI major depressive episode (SD) (parent report) 6.4 (4.4)
CTQ (SD) (child report) 18.1 (10.7)

Background and psychopathology measures (for more information on all recruited participants see Table S1).

Follow-up
NMT Group p MT Group NMT Group p
(N=33) (N=27) (N=31)
21 (64) 0.558 17 (63) 19 (61) 0.896
133 (2.2) 0.367 15.2 (1.9) 15.0 (2.2) 0.720
2.4 (0.9) 0.138 2.8 (0.9) 3.0 (0.8) 0.543
13 (39) 0.922 9 (33) 13 (42) 0.501
3.2 (0.8) 0.689 3.0 (1.0) 3.2 (0.7) 0.315
103.6 (9.6) 0.260 101.7 (11.1) 103.3 (9.8) 0.574
6.7 (5.2) 0.004* 11.6 (6.9) 8.7 (5.2) 0.085
1.7 (1.9) 0.046 3.8 (2.7) 2.2 (2.1) 0.013*
1.1 (1.6) 0.007° 1.8 (2.0) 1.5 (1.4) 0.473°
2.2 (2.0) 0.002° 3.7 (2.5) 2.7 (2.2) 0.093°
1.8 (1.8) 0.897° 23 (1.7) 24 (1.9) 0.769°
9.1 (1.4) 0.040° 8.3 (2.0) 8.3 (1.5) 0.988"°
43 (4.7) 0.060° 5.6 (4.0) 54 (4.7) 0.800°
129 (3.2) 0.020° = = =

SDQ Strengths and Difficulties Questionnaire; CASI Child and Adolescent Symptom Inventory; CTQ Childhood Trauma Questionnaire.

*p < 0.05 surviving correction for multiple comparison
?For a complete breakdown of ethnicities see Table S3.
bfor illustrative purposes only, not part of hypothesizing/interpretation.

Apparatus and Task

Task stimuli were presented in Matlab (Mathworks Inc.) using Psychtoolbox
(http://psychtoolbox.org). Force data were acquired using two (one for
each hand) TSD121B-MRI hand dynamometers (BIOPAC Systems Inc.)
which were calibrated individually for each participant. Prior to entering
the scanner, participants were instructed and familiarized with the task and
use of the hand dynamometers. During training, head movement was fed
back to the participants to reduce any head movements. The task was
adapted from Bonnelle and colleagues [36] (Fig. 1A) including three reward
and three effort levels, resulting in a reduced number of trials to make it
better tolerated by children. Participants completed a total of 72 trials
over three runs lasting approximately six min each with short breaks in
between. The instructions included that there were no right or wrong
answers but that participants should rather ask themselves, whether the
reward was worth the effort. Participants were also instructed that they
would receive a voucher depending on how many points they won in the
game.

Computational analyses

A variety of computational models with increasing complexity were built
to capture the influence of reward and effort levels on decisions to exert
effort. Model comparison was performed to select the most parsimonious
model (i.e., the model that best captured the participants’ performance,
whilst penalizing for model complexity). This allowed us to test various
hypotheses of how reward and effort contributed to decisions, as well as
estimating parameters for each participant corresponding to reward and
effort sensitivity.

All models were implemented in a hierarchical logistic regression
framework, such that we could model trial-by-trial decisions based on the
effort and reward on offer on a given trial. Parameter estimates were
recovered using hierarchical Bayesian estimation, which is more accurate
than standard maximum likelihood methods, through the application of
soft constraints on likely parameter ranges using prior distributions [54].
For brevity, we only present the winning model in the main text (further
details in SI).

The winning model comprised five parameters per participant: two
effort sensitivity parameters, a linear and a quadratic term—the latter
captures disproportionate changes in the propensity to accept offers at
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higher effort levels—yielding a unique subjective perceived effort profile
for each participant; a linear reward sensitivity term, reflecting subjective
perceived reward; an intercept term capturing the general propensity to
accept offers, independent of effort and reward levels; and a noise term
capturing randomness in responding due to inattention or mistakes (see
Sl). The parameters were then compared between the groups using t-tests
in SPSS25.

Where applicable, multiple comparisons of non-independent tests were
corrected using the Benjamini-Hochberg procedure.

fMRI analyses
Data were analyzed using SPM12 (https://www fil.ion.uclac.uk/spm/
software/spm12) implemented in Matlab R2017a (MathWorks Inc.).

Subject-level analysis: Each individual’'s preprocessed data (see SlI) was
modeled using a general linear model. Task-related activation was
assessed through the inclusion of regressors corresponding to each
condition of interest, time-locked to the relevant events, and convolved
with SPM’s synthetic hemodynamic response function: (1) combined
decision/choice phase (jittered offer presentation plus response period,
3-45s), parametrically modulated on each trial by (i) subjectively
perceived reward, (i) subjectively perceived effort [(i) and ii) were
calculated using each participant’s computationally derived estimates for
subjective reward/effort sensitivity] and (iii) cost-benefit weighing (defined
as the absolute value of the acceptance rate minus 0.5, as previously
described [36]); (2) exertion of physical effort (4s), parametrically
modulated by the average strength applied on each trial; (3) outcome
(1.5-2.5 s jittered) parametrically modulated by the reward obtained (see Sl
for further details on fMRI methods and results of models including actual
reward and effort levels, Table S10).

Region-of-interest (ROI) analyses: To test our primary hypotheses
regarding the striatum and ACC, ROIs were identified through the
Neurosynth database (www.neurosynth.org) using the keyword ‘effort’.
As the ACC is a functionally diverse brain area and in absence of a
comparable study on a developmental sample, this approach was
considered the most objective way to localize our regions of interest
and is in line with prior neuroimaging studies of adolescents with
childhood maltreatment experience [27]. Peak voxels were extracted and
used to build spherical ROIs with 6 mm radius (Table 2).
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Fig. 1 Effort-based decision making for reward task and behavioral descriptives. A On each trial, participants were presented with an offer
consisting of a given reward (4, 8, or 12 apples) for a given effort (20%, 50%, or 80% of their maximum voluntary contraction) presented as
apples on a tree with a yellow bar on the trunk indicating the effort level. They indicated their decision by applying a mild force to either the
left- or right-hand dynamometer. If they decided to accept the offer, the tree reappeared on either the left or the right side of the screen
indicating which hand dynamometer the participant had to use to apply the required effort level, which they had to sustain for at least 2's
over a 4 s period. Depending on whether the participant was successful or not they received feedback; points were never deducted. B Mean

acceptance rates by reward and effort for MT and NMT group.

Table 2. ROI coordinates and results of group comparisons for
reward- and effort-related activation (bilateral structures were
combined).

Regions of Interest

Comparison Comparison
for reward- for effort-
related related
activity activity
Coordinates t p t p
X y z
ACC 0 +14 +46 —054 0588 2.19 0.032*
Right striatum +22 +14 46 041 0686 032 0751
Left striatum —-14 +6 +10 ’ ’ ’ ’

*p < 0.05.

Second-level analysis: Contrast estimates from ROls were extracted from
the parametric subjective reward and parametric subjective effort modula-
tors on the decision/choice phase and subjected to t-tests using SPSS25.

Exploratory whole-brain analyses (p <0.05 FWE cluster corrected; for
details see Sl), were employed to explore group differences in both reward
and effort processing during the decision/choice phase outside the pre-
specified ROIs. Covariates of no interest (age, sex, and pubertal status) were
included in all second-level analyses.
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Longitudinal analyses

A linear regression model was computed predicting emotional symptoms
in the MT group at follow-up with baseline emotional symptoms and ACC
effort-related activity (as this was where group differences were detected,
see Results) entered as regressors, as well as sex, age, pubertal status, and
MT severity.

Power analysis for observed data

Using G*Power [55] we calculated that, given our sample size, we had at
least 80% power to detect group differences of d>0.75 at alpha = 0.05
(two-tailed), comparable to effect sizes reported in previous cross-sectional
[25] and longitudinal work [7].

RESULTS

Psychopathology and longitudinal changes

The MT group, compared to the NMT group, reported higher
levels of internalizing symptoms as indexed by the SDQ Emotional
Symptoms at baseline and follow-up and general psychopathol-
ogy as indexed by the SDQ total score at baseline (Table 1). In the
MT group there was also a significant increase of emotional
symptoms between baseline and follow-up (mean at follow-up =
3.8, SD=2.7; t(26) =2.37, p=0.025). Depression symptoms, as
indexed by the CASI, were marginally higher at baseline in the MT
group but did not differ between groups at follow-up (Table 1). In
our subsequent analyses, we, therefore, focus on the SDQ Total
Score (indexing overall psychological functioning) and SDQ
Emotional Symptoms (indexing internalizing symptoms).

Neuropsychopharmacology
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Fig. 2 ACC ROI location and activation levels. A ACC ROI showing decreased activation with increasing effort levels in the MT group
compared to the NMT group (pre-specified ACC ROl mask applied to two-sample t-test map in SPM). B Group difference in average ACC ROI
activation with increasing effort levels during the decision/choice phase (error bars +/— 1 SE). *p < 0.05.

Among those for whom the pandemic began in the follow-up
period, groups did not differ on reports of its emotional impact
(¢(13.2) = —0.50, p = 0.629). Number of negative life events during
the follow-up period also did not differ significantly between
groups (x*(1, N=58)=4.0, p=0.135 respectively; see also SI,
Table S4).

Analysis of behavior

Figure 1B shows the mean acceptance rates by reward and effort for
both groups separately. An ANOVA on acceptance rate with the
factors reward, effort and group showed expected main effects of
reward (F(1.31,87.8) =514, p<0.001; partial n>=043) and effort
(F(1.24,82.8) =94.1, p<0.001; partial n>=0.58) as well as their
interaction (F(2.61,174.9) =27.5, p<0.001; partial n?=0.29); MT
participants accepted offers more often overall than NMT partici-
pants, however this did not survive correction for multiple
comparisons. All interactions with group were non-significant. There
were no significant group effects for response time or for success
rates (SI; Table S5 and S6, Fig. S3), and the groups did not differ
significantly on total rewards collected (t(68) = —0.69, p = 0.491).

Analyses of computational parameters did not detect any
significant differences between the groups in overall propensity to
accept offers (intercept parameter: t(67)=—1.46, p=0.150),
sensitivity to increasing reward (linear reward parameter: t(67) =
—0.38, p=0.706), sensitivity to increasing effort (linear effort
parameter: t(67) =1.18, p =0.244; quadratic effort parameter:
t(67) = —0.733, p=0.466), or random responding (noise para-
meter: t(67) = —0.143, p = 0.887).

In exploratory analyses, correlation analyses were conducted
with our overall measure of psychopathology (SDQ Total Score)
and measure of internalizing symptoms (SDQ Emotional Symp-
toms). A negative correlation was found between reward
sensitivity and SDQ Total Score in the MT group although this
did not survive correction for multiple comparisons (SI Table S7).

fMRI: ROI analyses
Table 2 shows the locations of ROIs (derived from Neurosynth) and
the p-values for group comparisons (bilateral structures were
combined). Since we had specific a priori hypotheses regarding
the ACC and striatum based on existing literature, we did not
apply correction for multiple comparisons to these analyses.
Parametric activation with increasing effort levels in the ACC ROI
was significantly higher in the NMT than the MT group (t(67) =
2.19, p =0.032; Cohen’s d =0.52) (Fig. 2).

An exploratory analysis of activation in an ROl in the anterior
insula (left [—32 + 22 + 4]; right [+36 + 24 0]) did not show any
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significant group differences (effort: t(67) =0.35, p=0.726;

reward: t(67) = 0.37, p =0.710).

fMRI: whole-brain analyses

Whole-brain analyses across both groups (one-sample t-tests) for
the reward and effort modulators (decision/choice phase of trial)
revealed, as expected, a network comprising the ACC, striatum,
supplemental motor area, superior frontal gyrus, and parietal
cortex (Table S9). Exploratory whole-brain two-sample t-tests
comparing groups on reward- and effort-related brain activity
found that the NMT group showed less activation to decisions
with increasing effort levels in the left occipital cortex, compared
to the MT group (peak voxel [-22 —74 + 22]; t(64) = 4.92, k = 341,
p <0.05 FWE cluster corrected).

Correlations between brain activation, effort-based decision-
making behavior, and psychological functioning at baseline

To shed light on the functional significance of the altered
activation in the MT group in the ACC, correlational analyses
were conducted separately in each group with regard to
computational estimates for linear and quadratic effort sensitivity
and measures of psychological functioning at baseline. In relation
to the computational parameters, a positive correlation was
observed in the MT group between ACC activation and effort
sensitivity (linear: r=0.439, p=0.007; R>=0.19; quadratic: r=
—0437, p=0.008; R*=0.19); these associations were non-
significant in the NMT group (linear: r=—0.12, p=0.512; R =
0.01; quadratic: r=—0.14, p =0.423; R*=0.02). Fisher's Z-tests
showed that correlations with linear effort sensitivity differed
significantly between groups (linear: Z=2.35, p = 0.019; quadratic:
Z= 1.3, p=0.194). No significant correlations were detected
between ACC activation and overall psychological functioning or
internalizing symptoms at baseline (Sl Table S8).

Longitudinal results

In the MT group, ACC effort-related activation significantly
predicted internalizing symptoms at follow-up (controlling for
baseline emotional symptoms, sex, age, pubertal status and MT
severity: ACC: 8= —0.41, t(18)=—2.98, p =0.008; rzpart =0.14;
total model: R> = 0.63, F(6,24) = 7.8, p < .001). A regression model
including group as factor also showed a significant group by ACC
activation interaction: 8= —0.26, t(48) = 2.06, p = 0.044; r2part =
0.18 (total model: R> = 0.61, F(6,55) = 12.8, p <0.001). As shown in
Fig. 3, participants with greater (i.e., more typical) baseline ACC
effort-related activation had lower internalizing symptoms at
follow-up.

SPRINGER NATURE
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SDQ emotional symptoms
.

-.10 -.05 00 .05 .10

ACC effort activation with increasing effort levels

Fig. 3 Partial regression plot. Prediction of internalizing symptoms
from baseline ACC effort-related activation (with increasing
effort levels) in the MT group, controlling for baseline emotional
symptoms, sex, age, pubertal status, and MT severity.

Sensitivity analyses

To probe our results’ robustness against extreme values, we
conducted outlier analyses for the main findings. In all cases, the
results remained unchanged, and in some cases were stronger
after the removal of extreme values (SI; Table S11). However, as
the populations under study are very heterogenous, we decided
against the removal of those participants in our primary analyses.

DISCUSSION

The current study provides evidence that neural processing during
a decision-making for reward task requiring manifest physical
effort is altered in children with maltreatment experience, and
predicts future internalizing symptoms. In line with our hypoth-
eses, children with a history of childhood maltreatment relative
to matched peers, presented with significantly lower effort-related
activation in the ACC. Moreover, within the MT group a significant
positive correlation between individual sensitivity to perceived
effort and ACC activation was observed. Also, in line with our
hypotheses, this attenuated effort-related activity in the ACC
predicted increased internalizing symptoms in the MT group
suggesting that altered ACC functioning during effort processing
is implicated in a latent vulnerability mechanism conferring
elevated risk of future psychopathology. By contrast, no group
differences were found in the striatum in relation to reward or
effort processing, nor were behavioral differences observed with
regard to effort sensitivity.

Previous research has consistently implicated the ACC in effort-
based decision-making [33, 36, 41]. More specifically, the dorsal
part of the ACC has been proposed to act as an integrator of effort
and reward information [41]; by contrast, it is not engaged when
decisions only require a consideration of reward [43]. In our study,
non-maltreated control participants on average showed a higher
level of neural modulation in the ACC by perceived effort than the
MT group. This is in line with previous findings indicating elevated
ACC activation during effort processing in healthy adults [41]. The
attenuated response in the ACC in the MT group is consistent with
previous research showing that with increasing effort the ACC is
less active in those with higher levels of apathy [36]. The ACC has
been implicated in an array of other cognitive functions (see [45]
for a review), including tracking aversiveness of tasks [56] and
volatility of reward environments [57]. Further research with a
focus on these processes is needed to refine our understanding of
the role of the ACC and shed light on its potential role in the
emergence of psychopathology after maltreatment. MT and NMT
participants did not differ in how costly they perceived increasing
levels of effort to be, as reflected in the computationally estimated
measures of effort sensitivity. Interestingly, previous studies of
children and adolescents with maltreatment experience also did
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not find performance differences on reward tasks [21] or a trend
to quicker responses [7] or less modulation by reward [7, 22].
However, within the MT group, greater ACC activation was
associated with greater effort sensitivity, reflecting more norma-
tive activation in children with higher levels of effort sensitivity.

Our longitudinal findings indicated that reduced ACC signaling
in response to effort in children with maltreatment experience
predicted higher levels of internalizing symptoms 18 months later.
One possible interpretation is that in MT children attenuated ACC
effort-related activity may represent a latent vulnerability marker
of poorer emotional functioning. Previous research has reported a
similar relationship between blunted reward response and future
depressive symptomatology in adolescents with maltreatment
experience [7, 27]. The current study extends these findings with
regard to effort processing in the context of reward in children
and adolescents with documented histories of maltreatment. This
attenuation of ACC signaling in response to increasing effort may
reflect the influence of atypical early environments characterized
by maltreatment. Learning contingencies may be such that there
are poorer signals to indicate when exerting effort might be
worthwhile. We speculate that the observed attenuated ACC
effort-related activity during decision making for reward may
impact effortful control (the capacity to actively regulate
behavioral and emotional responses) and reward-seeking beha-
vior, both of which have been shown to be associated with future
risk for internalizing symptoms [58, 59]. This suggestion is in line
with the proposal that alterations in the reward and effort systems
impair the ability of individuals to appropriately use affective
information to make more optimal decisions and guide behavior
[15]. Initially, this could present as diminished motivation to
engage in pleasurable activities [33], reducing a child’s propensity
to deploy effort when engaging in everyday challenging tasks at
school or more broadly in social situations. However, over time,
this could have a significant impact on internalizing problems, as
well as psychosocial functioning, leading to less engagement in
social interactions and activities as observed in adolescents at risk
for depression [58]. This is also in line with research on animal
models of early-life adversity showing increased anhedonia and
changes in the hedonic-set point [29].

There were no significant group differences in the striatum (see
Table S9 for information regarding group-level reward-related
activation in this region). One possible explanation could be
differences in the experimental paradigm and the relevant
psychological subprocesses. While the task under study still
involves a component of reward anticipation consistently
associated with striatal functioning [28], previous research using
the same effort-based decision-making reward paradigm has
stressed the importance of frontal regions in these processes,
especially the ACC, SMA, and premotor cortex [36]. Previous
studies on the effects of MT on reward processing employed very
different experimental designs, which do not involve an active
acceptance or rejection of a trial by the participant [21, 25] or
assessed the neural reactivity to pleasant stimuli not involving any
explicit monetary rewards [8]. Future studies should investigate
differences in subcomponents of reward processes after child-
hood maltreatment more systematically.

There are a number of limitations of this study that merit
comment. First, we note that the sample size of the current study
was constrained by the challenges of recruiting young people
with a documented history of maltreatment experience in
research, although this sample size is in line with several other
studies in the field (e.g., [7, 60, 61]). Further research and
replication are required. Although our power analyses for
observed data indicated that our study was reasonably powered
to detect group differences, previous research was typically based
on relatively small samples which may have inflated effect sizes.
Moreover, the relatively wide age range may have introduced
some within-group heterogeneity (despite our matching on age
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and pubertal status) impacting our ability to detect group
differences. As a consequence, we were not able to further
analyze differences by sex or maltreatment type; moreover, there
was a high degree of co-occurrence between maltreatment
subtypes in line with the typical presentation of poly-victimization
in this population [62]. Secondly, further follow-up data, including
brain imaging data, would be highly desirable to characterize
trajectories of behavioral and/or neural changes in reward and
effort processing in more detail and help shed light on the
functional significance of the observed neural alterations. Finally,
within the current design, it is not possible to definitively attribute
the observed neural changes to maltreatment experience;
ethically it is not possible to assign participants to different
conditions of childhood maltreatment status. However, given our
careful matching of the groups and relevant evidence from the
animal literature, we believe such a relationship is plausible. We
also note that neural activation in the ACC did not correlate with
our symptom measures at baseline, suggesting it was unlikely to
simply reflect current pathology. It is possible that the neural
differences observed between the groups reflect some form of a
compensatory mechanism following maltreatment experience -
future research is warranted to further explore this possibility.
The present results demonstrate that children who have
experienced maltreatment are characterized by a pattern of
altered neural processing during effort-based decision making for
reward. We provide evidence that attenuated ACC effort-related
activity for reward may represent a latent vulnerability marker for
future internalizing symptoms. These findings highlight the
importance of effort processing for reward as a potential target
for preventative interventions following maltreatment experience.

REFERENCES

1. Gilbert R, Widom CS, Browne K, Fergusson D, Webb E, Janson S. Child Maltreat-
ment 1 Burden and consequences of child maltreatment in high-income coun-
tries. Lancet. 2009;373:68-81. https://doi.org/10.1016/S0140-6736(08)61706-7.

2. McCrory EJ, Viding E. The theory of latent vulnerability: reconceptualizing the link
between childhood maltreatment and psychiatric disorder. Dev Psychopathol.
2015;27:493-505. https://doi.org/10.1017/50954579415000115.

3. McCrory EJ, De Brito SA, Kelly PA, Bird G, Sebastian CL, Mechelli A, et al. Amygdala
activation in maltreated children during pre-attentive emotional processing. Br J
Psychiatry. 2013;202:269-76. https://doi.org/10.1192/bjp.bp.112.116624.

4. McCrory EJ, Puetz VB, Maguire EA, Mechelli A, Palmer A, Gerin M, et al. Auto-
biographical memory: a candidate latent vulnerability mechanism for psychiatric
disorder following childhood maltreatment. Br J Psychiatry: J Ment Sci.
2017;211:216-22. https://doi.org/10.1192/bjp.bp.117.201798.

5. Mueller SC, Maheu FS, Dozier M, Peloso E, Mandell D, Leibenluft E, et al. Early-
life stress is associated with impairment in cognitive control in adolescence: an
fMRI study. Neuropsychologia. 2010;48:3037-44. https://doi.org/10.1016/j.
neuropsychologia.2010.06.013.

6. McLaughlin KA, Peverill M, Gold AL, Alves S, Sheridan MA. Child maltreatment
and neural systems underlying emotion regulation. J Am Acad Child Adolesc
Psychiatry. 2015;54:753-62. https://doi.org/10.1016/j.jaac.2015.06.010.

7. Dennison MJ, Sheridan MA, Busso DS, Jenness JL, Peverill M, Rosen ML, et al.
Neurobehavioral markers of resilience to depression amongst adolescents
exposed to child abuse. J Abnorm Psychol. 2016;125:1201-12. https://doi.org/
10.1037/abn0000215.

8. Goff B, Gee DG, Telzer EH, Humphreys KL, Gabard-Durnam L, Flannery J, et al.
Reduced nucleus accumbens reactivity and adolescent depression following
early-life  stress. Neuroscience. 2013;249:129-38. https://doi.org/10.1016/j.
neuroscience.2012.12.010.

9. Joormann J, Stanton CH. Examining emotion regulation in depression: a review
and future directions. Behav Res Ther. 2016;86:35-49. https://doi.org/10.1016/j.
brat.2016.07.007.

10. Bar-Haim Y, Lamy D, Pergamin L, Bakermans-Kranenburg MJ, van IMH. Threat-
related attentional bias in anxious and nonanxious individuals: a meta-analytic
study. Psychol Bull. 2007;133:1-24. https://doi.org/10.1037/0033-2909.133.1.1.

11. Matthys W, Vanderschuren LJ, Schutter DJ. The neurobiology of oppositional
defiant disorder and conduct disorder: altered functioning in three mental
domains. Dev Psychopathol. 2013;25:193-207. https://doi.org/10.1017/
S0954579412000272.

Neuropsychopharmacology

D.J.N. Armbruster-Geng et al.

12. Schoenbaum G, Roesch MR, Stalnaker TA. Orbitofrontal cortex, decision-making
and drug addiction. Trends Neurosci. 2006;29:116-24. https://doi.org/10.1016/j.
1ins.2005.12.006.

13. Halahakoon DC, Kieslich K, O'Driscoll C, Nair A, Lewis G, Roiser JP. Reward-
processing behavior in depressed participants relative to healthy volunteers: a
systematic review and meta-analysis. JAMA Psychiatry. 2020. https://doi.org/
10.1001/jamapsychiatry.2020.2139.

14. Browning M, Behrens TE, Jocham G, O'Reilly JX, Bishop SJ. Anxious individuals
have difficulty learning the causal statistics of aversive environments. Nat Neu-
rosci. 2015;18:590-6. https://doi.org/10.1038/nn.3961.

15. Eshel N, Roiser JP. Reward and punishment processing in depression. Biol Psy-
chiatry. 2010;68:118-24. https://doi.org/10.1016/j.biopsych.2010.01.027.

16. Pizzagalli DA, Holmes AJ, Dillon DG, Goetz EL, Birk JL, Bogdan R, et al. Reduced
caudate and nucleus accumbens response to rewards in unmedicated individuals
with major depressive disorder. Am J Psychiatry. 2009;166:702-10. https://doi.
org/10.1176/appi.ajp.2008.08081201.

17. Steele JD, Kumar P, Ebmeier KP. Blunted response to feedback information in
depressive illness. Brain. 2007;130:2367-74. https://doi.org/10.1093/brain/awm150.

18. Stringaris A, Vidal-Ribas Belil P, Artiges E, Lemaitre H, Gollier-Briant F, Wolke S, et al.
The brain’s response to reward anticipation and depression in adolescence: dimen-
sionality, specificity, and longitudinal predictions in a community-based sample. Am J
Psychiatry. 2015;172:1215-23. https://doi.org/10.1176/appi.ajp.2015.14101298.

19. Bousha DM, Twentyman CT. Mother-child interactional style in abuse, neglect,
and control groups: naturalistic observations in the home. J Abnorm Psychol.
1984;93:106-14. https://doi.org/10.1037//0021-843x.93.1.106.

20. Cyr C, Euser EM, Bakermans-Kranenburg MJ, Van ljizendoorn MH. Attachment
security and disorganization in maltreating and high-risk families: a series of
meta-analyses. Dev Psychopathol. 2010;22:87-108. https://doi.org/10.1017/
50954579409990289.

21. Dillon DG, Holmes AJ, Birk JL, Brooks N, Lyons-Ruth K, Pizzagalli DA. Childhood
adversity is associated with left basal ganglia dysfunction during reward antici-
pation in adulthood. Biol Psychiatry. 2009;66:206-13. https://doi.org/10.1016/j.
biopsych.2009.02.019.

22. Guyer AE, Kaufman J, Hodgdon HB, Masten CL, Jazbec S, Pine DS, et al. Behavioral
alterations in reward system function: the role of childhood maltreatment and
psychopathology. J Am Acad Child Adolesc Psychiatry. 2006;45:1059-67. https://
doi.org/10.1097/01.chi.0000227882.50404.11.

23. Al Odhayani A, Watson WJ, Watson L. Behavioural consequences of child abuse.
Can Fam Physician. 2013;59:831-6.

24. Taillieu TL, Brownridge DA, Sareen J, Afifi TO. Childhood emotional maltreatment
and mental disorders: results from a nationally representative adult sample from
the United States. Child Abus Negl. 2016;59:1-12. https://doi.org/10.1016/j.
chiabu.2016.07.005.

25. Mehta MA, Gore-Langton E, Golembo N, Colvert E, Williams SC, Sonuga-Barke E.
Hyporesponsive reward anticipation in the basal ganglia following severe insti-
tutional deprivation early in life. J Cogn Neurosci. 2010;22:2316-25. https://doi.
0org/10.1162/jocn.2009.21394.

26. Gerin MI, Puetz VB, Blair RJR, White S, Sethi A, Hoffmann F, et al. A neuro-
computational investigation of reinforcement-based decision making as a can-
didate latent vulnerability mechanism in maltreated children. Dev Psychopathol.
2017;29:1689-705. https://doi.org/10.1017/5095457941700133X.

27. Hanson JL, Hariri AR, Williamson DE. Blunted ventral striatum development in
adolescence reflects emotional neglect and predicts depressive symptoms. Biol
Psychiatry. 2015;78:598-605. https://doi.org/10.1016/j.biopsych.2015.05.010.

28. Haber SN. Neuroanatomy of reward: a view from the Ventral Striatum. In: Gott-
fried JA, editor. Neurobiology of Sensation and Reward. Boca Raton (FL) 2011.

29. Birnie MT, Kooiker CL, Short AK, Bolton JL, Chen Y, Baram TZ. Plasticity of the
reward circuitry after early-life adversity: mechanisms and significance. Biol
Psychiatry. 2020;87:875-84. https://doi.org/10.1016/j.biopsych.2019.12.018.

30. Haber SN, Knutson B. The reward circuit: linking primate anatomy and human
imaging. Neuropsychopharmacol: Off Publ Am Coll Neuropsychopharmacol.
2010;35:4-26. https://doi.org/10.1038/npp.2009.129.

31. Treadway MT, Bossaller NA, Shelton RC, Zald DH. Effort-based decision-making in
major depressive disorder: a translational model of motivational anhedonia. J
Abnorm Psychol. 2012;121:553-8. https://doi.org/10.1037/a0028813.

32. Hoflich A, Michenthaler P, Kasper S, Lanzenberger R. Circuit mechanisms of reward,
anhedonia, and depression. Int J Neuropsychopharmacol. 2019;22:105-18. https:/
doi.org/10.1093/ijnp/pyy081.

33. Husain M, Roiser JP. Neuroscience of apathy and anhedonia: a transdiagnostic
approach. Nat Rev Neurosci. 2018;19:470-84. https://doi.org/10.1038/541583-
018-0029-9.

34. Green JG, McLaughlin KA, Berglund PA, Gruber MJ, Sampson NA, Zaslavsky AM,
et al. Childhood adversities and adult psychiatric disorders in the national
comorbidity survey replication I: associations with first onset of DSM-IV

SPRINGER NATURE


https://doi.org/10.1016/S0140-6736(08)61706-7
https://doi.org/10.1017/S0954579415000115.
https://doi.org/10.1192/bjp.bp.112.116624.
https://doi.org/10.1192/bjp.bp.117.201798.
https://doi.org/10.1016/j.neuropsychologia.2010.06.013.
https://doi.org/10.1016/j.neuropsychologia.2010.06.013.
https://doi.org/10.1016/j.jaac.2015.06.010.
https://doi.org/10.1037/abn0000215
https://doi.org/10.1037/abn0000215
https://doi.org/10.1016/j.neuroscience.2012.12.010
https://doi.org/10.1016/j.neuroscience.2012.12.010
https://doi.org/10.1016/j.brat.2016.07.007
https://doi.org/10.1016/j.brat.2016.07.007
https://doi.org/10.1037/0033-2909.133.1.1
https://doi.org/10.1017/S0954579412000272
https://doi.org/10.1017/S0954579412000272
https://doi.org/10.1016/j.tins.2005.12.006
https://doi.org/10.1016/j.tins.2005.12.006
https://doi.org/10.1001/jamapsychiatry.2020.2139
https://doi.org/10.1001/jamapsychiatry.2020.2139
https://doi.org/10.1038/nn.3961
https://doi.org/10.1016/j.biopsych.2010.01.027.
https://doi.org/10.1176/appi.ajp.2008.08081201.
https://doi.org/10.1176/appi.ajp.2008.08081201.
https://doi.org/10.1093/brain/awm150.
https://doi.org/10.1176/appi.ajp.2015.14101298.
https://doi.org/10.1037//0021-843x.93.1.106.
https://doi.org/10.1017/S0954579409990289.
https://doi.org/10.1017/S0954579409990289.
https://doi.org/10.1016/j.biopsych.2009.02.019.
https://doi.org/10.1016/j.biopsych.2009.02.019.
https://doi.org/10.1097/01.chi.0000227882.50404.11.
https://doi.org/10.1097/01.chi.0000227882.50404.11.
https://doi.org/10.1016/j.chiabu.2016.07.005.
https://doi.org/10.1016/j.chiabu.2016.07.005.
https://doi.org/10.1162/jocn.2009.21394.
https://doi.org/10.1162/jocn.2009.21394.
https://doi.org/10.1017/S095457941700133X.
https://doi.org/10.1016/j.biopsych.2015.05.010.
https://doi.org/10.1016/j.biopsych.2019.12.018.
https://doi.org/10.1038/npp.2009.129.
https://doi.org/10.1037/a0028813.
https://doi.org/10.1093/ijnp/pyy081.
https://doi.org/10.1093/ijnp/pyy081.
https://doi.org/10.1038/s41583-018-0029-9.
https://doi.org/10.1038/s41583-018-0029-9.

D.J.N. Armbruster-Geng et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

disorders. Arch Gen Psychiatry. 2010;67:113-23. https://doi.org/10.1001/
archgenpsychiatry.2009.186.

Bonnelle V, Veromann KR, Burnett Heyes S, Lo Sterzo E, Manohar S, Husain M.
Characterization of reward and effort mechanisms in apathy. J Physiol.
2015;109:16-26. https://doi.org/10.1016/j,jphysparis.2014.04.002.

Bonnelle V, Manohar S, Behrens T, Husain M. Individual differences in premotor
brain systems underlie behavioral apathy. Cereb Cortex. 2016;26:807-19. https://
doi.org/10.1093/cercor/bhv247.

Chong TT, Bonnelle V, Manohar S, Veromann KR, Muhammed K, Tofaris GK, et al.
Dopamine enhances willingness to exert effort for reward in Parkinson’s disease.
Cortex J Devoted Study Nerv Syst Behav. 2015;69:40-6. https://doi.org/10.1016/j.
cortex.2015.04.003.

Kurniawan IT, Seymour B, Talmi D, Yoshida W, Chater N, Dolan RJ. Choosing to
make an effort: the role of striatum in signaling physical effort of a chosen action.
J Neurophysiol. 2010;104:313-21. https://doi.org/10.1152/jn.00027.2010.

Le Heron C, Apps MAJ, Husain M. The anatomy of apathy: a neurocognitive
framework for amotivated behaviour. Neuropsychologia. 2018;118:54-67. https:/
doi.org/10.1016/j.neuropsychologia.2017.07.003.

Contreras-Huerta LS, Pisauro MA, Apps MAJ. Effort shapes social cognition and
behaviour: a neuro-cognitive framework. Neurosci Biobehav Rev.
2020;118:426-39. https://doi.org/10.1016/j.neubiorev.2020.08.003.
Klein-Flugge MC, Kennerley SW, Friston K, Bestmann S. Neural signatures of value
comparison in human cingulate cortex during decisions requiring an effort-
reward trade-off. J Neurosci: Off J Soc Neurosci. 2016;36:10002-15. https://doi.
org/10.1523/JNEUROSCL.0292-16.2016.

Croxson PL, Walton ME, O'Reilly JX, Behrens TE, Rushworth MF. Effort-based cost-
benefit valuation and the human brain. J Neurosci: Off J Soc Neurosci.
2009;29:4531-41. https://doi.org/10.1523/JNEUROSCI.4515-08.2009.

Rudebeck PH, Walton ME, Smyth AN, Bannerman DM, Rushworth MF. Separate
neural pathways process different decision costs. Nat Neurosci. 2006;9:1161-8.
https://doi.org/10.1038/nn1756.

Walton ME, Kennerley SW, Bannerman DM, Phillips PE, Rushworth MF. Weighing
up the benefits of work: behavioral and neural analyses of effort-related
decision making. Neural Netw. 2006;19:1302-14. https://doi.org/10.1016/j.
neunet.2006.03.005.

Vassena E, Holroyd CB, Alexander WH. Computational models of anterior cin-
gulate cortex: at the crossroads between prediction and effort. Front Neurosci.
2017;11:316 https://doi.org/10.3389/fnins.2017.00316.

Parvizi J, Rangarajan V, Shirer WR, Desai N, Greicius MD. The will to persevere
induced by electrical stimulation of the human cingulate gyrus. Neuron.
2013;80:1359-67. https://doi.org/10.1016/j.neuron.2013.10.057.

Kaufman J, Jones B, Stieglitz E, Vitulano L, Mannarino AP. The use of multiple
informants to assess childrens maltreatment experiences. J Fam Violence.
1994;9:227-48. https://doi.org/10.1007/Bf01531949.

Wechsler D WASI-Il Manual: NCS Pearson, Inc; 2011.

Petersen AC, Crockett L, Richards M, Boxer A. A self-report measure of pubertal
status: reliability, validity, and initial norms. J Youth Adolesc. 1988;17:117-33.
https://doi.org/10.1007/BF01537962.

Goodman R. The strengths and difficulties questionnaire: a research note. J Child
Psychol Psychiatry, Allied Discip. 1997;38:581-6. https://doi.org/10.1111/j.1469-
7610.1997.tb01545 x.

Gadow KD, Sprafkin J. Child, and adolescent symptom inventory-4R. Stony Brook,
NY: Checkmate Plus; 2005.

Bernstein DP, Fink L. Childhood Trauma Questionnaire: a retro-spective self-
report manual. San Antonio: TX: The Psychological Corporation; 1998.
Coddington RD. The significance of life events as etiologic factors in the diseases
of children. Il. A study A Norm Popul J Psychosom Res. 1972;16:205-13. https://
doi.org/10.1016/0022-3999(72)90045-1.

Gelman A, Hill J. Data analysis using regression and multilevel/hierarchical
models. Cambridge; New York: Cambridge University Press; 2007.

Faul F, Erdfelder E, Lang AG, Buchner AG. Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res
Methods. 2007;39:175-91. https://doi.org/10.3758/bf03193146.

Gheza D, De Raedt R, Baeken C, Pourtois G. Integration of reward with cost
anticipation during performance monitoring revealed by ERPs and EEG spec-
tral perturbations. Neuroimage. 2018;173:153-64. https://doi.org/10.1016/j.
neuroimage.2018.02.049.

Behrens TE, Woolrich MW, Walton ME, Rushworth MF. Learning the value of
information in an uncertain world. Nat Neurosci. 2007;10:1214-21. https://doi.
0rg/10.1038/nn1954.

Rawal A, Collishaw S, Thapar A, Rice F. ‘The risks of playing it safe”: a pro-
spective longitudinal study of response to reward in the adolescent offspring

SPRINGER NATURE

of depressed parents. Psychol Med. 2013;43:27-38. https://doi.org/10.1017/
S0033291712001158.

59. Lynch SJ, Sunderland M, Newton NC, Chapman C. A systematic review of
transdiagnostic risk and protective factors for general and specific psycho-
pathology in young people. Clin Psychol Rev. 2021;87:102036 https://doi.org/
10.1016/j.cpr.2021.102036.

60. Puetz VB, Kohn N, Dahmen B, Zvyagintsev M, Schuppen A, Schultz RT, et al.
Neural response to social rejection in children with early separation experiences.
J Am Acad Child Adolesc Psychiatry. 2014;53:1328-37 e8. https://doi.org/10.1016/
jjaac.2014.09.004.

61. Hanson JL, van den Bos W, Roeber BJ, Rudolph KD, Davidson RJ, Pollak SD. Early
adversity and learning: implications for typical and atypical behavioral develop-
ment. J Child Psychol Psychiatry Allied Discip. 2017;58:770-8. https://doi.org/
10.1111/jcpp.12694.

62. Finkelhor D, Ormrod RK, Turner HA. Re-victimization patterns in a national
longitudinal sample of children and youth. Child Abus Negl. 2007;31:479-502.
https://doi.org/10.1016/j.chiabu.2006.03.012.

AUTHOR CONTRIBUTIONS

DAG was responsible for task design, data acquisition, analysis, interpretation,
drafting, and revision of the manuscript. VVa was responsible for task design, data
analysis, and drafting of the manuscript. LN was responsible for task design, data
acquisition, analysis, and revision of the manuscript. VWu., ZF, KP, and MK
were responsible for data acquisition, analysis, and revision of the manuscript.
JR was responsible for study and task design, data analysis, interpretation, and for
critical revision of the manuscript for important intellectual content. EV and EM were
responsible for study and task design, interpretation, drafting of the manuscript, and
for critical revision of the manuscript for important intellectual content. EM obtained
funding. EM, EV, DAG, and LN were responsible for study supervision.

FUNDING

This work was funded by an ESRC and NSPCC Grant (539220) awarded to EM (PI). EV
was supported by a Royal Society Wolfson Research Merit Award. VVa was supported
by an NIHR BRC fellowship and JR was supported by Wellcome (101798/2/13/Z).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541386-022-01284-7.

Correspondence and requests for materials should be addressed to Eamon McCrory.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Neuropsychopharmacology


https://doi.org/10.1001/archgenpsychiatry.2009.186.
https://doi.org/10.1001/archgenpsychiatry.2009.186.
https://doi.org/10.1016/j.jphysparis.2014.04.002.
https://doi.org/10.1093/cercor/bhv247
https://doi.org/10.1093/cercor/bhv247
https://doi.org/10.1016/j.cortex.2015.04.003
https://doi.org/10.1016/j.cortex.2015.04.003
https://doi.org/10.1152/jn.00027.2010.
https://doi.org/10.1016/j.neuropsychologia.2017.07.003.
https://doi.org/10.1016/j.neuropsychologia.2017.07.003.
https://doi.org/10.1016/j.neubiorev.2020.08.003.
https://doi.org/10.1523/JNEUROSCI.0292-16.2016.
https://doi.org/10.1523/JNEUROSCI.0292-16.2016.
https://doi.org/10.1523/JNEUROSCI.4515-08.2009.
https://doi.org/10.1038/nn1756.
https://doi.org/10.1016/j.neunet.2006.03.005.
https://doi.org/10.1016/j.neunet.2006.03.005.
https://doi.org/10.3389/fnins.2017.00316.
https://doi.org/10.1016/j.neuron.2013.10.057.
https://doi.org/10.1007/Bf01531949.
https://doi.org/10.1007/BF01537962.
https://doi.org/10.1111/j.1469-7610.1997.tb01545.x.
https://doi.org/10.1111/j.1469-7610.1997.tb01545.x.
https://doi.org/10.1016/0022-3999(72)90045-1.
https://doi.org/10.1016/0022-3999(72)90045-1.
https://doi.org/10.3758/bf03193146.
https://doi.org/10.1016/j.neuroimage.2018.02.049.
https://doi.org/10.1016/j.neuroimage.2018.02.049.
https://doi.org/10.1038/nn1954
https://doi.org/10.1038/nn1954
https://doi.org/10.1017/S0033291712001158.
https://doi.org/10.1017/S0033291712001158.
https://doi.org/10.1016/j.cpr.2021.102036.
https://doi.org/10.1016/j.cpr.2021.102036.
https://doi.org/10.1016/j.jaac.2014.09.004.
https://doi.org/10.1016/j.jaac.2014.09.004.
https://doi.org/10.1111/jcpp.12694.
https://doi.org/10.1111/jcpp.12694.
https://doi.org/10.1016/j.chiabu.2006.03.012.
https://doi.org/10.1038/s41386-022-01284-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Altered reward and effort processing in children with maltreatment experience: a potential indicator of mental health vulnerability
	Introduction
	Method
	Procedure
	Participants
	Measures
	Maltreatment history
	Background measures
	Psychopathology

	Apparatus and Task
	Computational analyses
	fMRI analyses
	Longitudinal analyses
	Power analysis for observed data

	Results
	Psychopathology and longitudinal changes
	Analysis of behavior
	fMRI: ROI analyses
	fMRI: whole-brain analyses
	Correlations between brain activation, effort-based decision-making behavior, and psychological functioning at baseline
	Longitudinal results
	Sensitivity analyses

	Discussion
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




