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Abstract

Conduct problems (CP) in patients with disruptive behavior disorders have been linked to impaired prefrontal processing
of negative facial affect compared to controls. However, it is unknown whether associations with prefrontal activity during
affective face processing hold along the CP dimension in a healthy population sample, and how subcortical processing is
affected. We measured functional brain responses during negative affective face processing in 1444 healthy adolescents
[M=14.39 years (SD=0.40), 51.5% female] from the European IMAGEN multicenter study. To determine the effects of
CP, we applied a two-step approach: (a) testing matched subgroups of low versus high CP, extending into the clinical range
[N=182 per group, M = 14.44 years, (SD=0.41), 47.3% female] using analysis of variance, and (b) considering (non)linear
effects along the CP dimension in the full sample and in the high CP group using multiple regression. We observed no sig-
nificant cortical or subcortical effect of CP group on brain responses to negative facial affect. In the full sample, regression
analyses revealed a significant linear increase of left orbitofrontal cortex (OFC) activity with increasing CP up to the clini-
cal range. In the high CP group, a significant inverted u-shaped effect indicated that left OFC responses decreased again in
individuals with high CP. Left OFC activity during negative affective processing which is increasing with CP and decreasing
in the highest CP range may reflect on the importance of frontal control mechanisms that counteract the consequences of
severe CP by facilitating higher social engagement and better evaluation of social content in adolescents.
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Introduction

Conduct problems (CP) refer to a persistent pattern of anti-
social behavior including aggressive, disobedient, rule-vio-
lating, deceptive, and destructive behaviors, which develop
during childhood and adolescence and predict a variety of
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negative outcomes in life [1]. Understanding how CP from
low to clinically relevant levels is associated with healthy
adolescents might increase our understanding of the devel-
opment of disruptive behavior disorders (DBD) such as con-
duct disorder (CD) or oppositional defiant disorder (ODD)
[2]. Investigations of affective processing and its neuro-
physiological correlates may be fruitful in this context, as
alterations in affective processing have often been reported
in individuals with severe CP or DBD [3]. On a behavioral
level, individuals with CP and DBD showed impaired recog-
nition of fearful, sad, and happy facial expressions, while an
impairment of the recognition of angry and disgusted faces
was not consistently reported [4, 5].

Such affective processing has been linked, on a neural
level, to the amygdala as one of the core regions [e.g., 6-9].
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Previous studies in normative populations reported lower
amygdala reactivity to affective stimuli was associated with
increased antisocial behavior only in subgroups, e.g., when
controlling for psychopathic traits [10, 11]. Importantly,
prefrontal regions such as the ventromedial prefrontal cor-
tex (vmPFC) and orbitofrontal cortex (OFC), including the
anterior cingulate cortex (ACC), also play a critical part [9,
12—15]. In patients with CP and DBD, both adults and chil-
dren, changes in prefrontal functioning were significantly
associated with negative affective processing [16]. A meta-
analysis by Yang and Raine [17] has shown a reduction of
activation in frontal brain regions such as the OFC, ACC,
and dorsolateral PFC (dIPFC) in individuals with antisocial
behavior, which comprised patients with DBD. Rubia [18]
also reports orbitofrontal-paralimbic dysfunction during
affect regulation and Sterzer and colleagues [19] found a
stronger reduction in the right dorsal ACC response during
negative picture viewing in adolescents with CD compared
to healthy control individuals. Moreover, adolescents diag-
nosed with DBD showed reduced vmPFC and medial OFC
activity compared to healthy controls while viewing pictures
of negative facial affect [20, 21]. However, reduced OFC
responsivity during affective processing have not been con-
sistently observed across studies in DBD. Increased func-
tional OFC and ACC responsivity were also observed in
children with early-onset childhood DBD for pain-related
empathic processes [22] and some studies found no differ-
ence in prefrontal activity between DBD and control in boys
[23, 24]. Some of the inconsistencies are likely to reflect
the small sample sizes and design differences. Additionally,
the impact of callous-unemotional (CU) traits on affective
processing has been demonstrated in a number of studies,
most prominently for the amygdala, showing hyperactivity
in individuals with low CU traits and hypoactivity for indi-
viduals with elevated CU traits (for reviews, see [16, 25]).
But prefrontal activation has also been shown to be affected
by CU traits [26, 27].

Most studies to date have focused on the clinical diagnos-
tic spectrum, and it remains unclear whether healthy adoles-
cents with elevated CP, extending up to the clinical range but
not meeting diagnostic criteria for DBD, also show altered
subcortical or cortical prefrontal functioning during affec-
tive processing. This group may be of particular interest in
terms of protective, control mechanisms to keep adolescents,
despite high CP scores, from developing DBD. Importantly,
a recently published paper by Spechler and colleagues [28]
provided some evidence on an association between lower
OFC volume and emotional and behavioral control in a non-
clinical sample of dysregulated compared to control ado-
lescents from the same study as reported here, however, the
authors found no corresponding functional brain changes,
and did not use a dimensional approach to investigate vari-
ations in conduct problems.
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In this research, we focused on how high CP affects
healthy adolescents” functional brain responses to affective
facial expressions in prefrontal regions (ACC and OFC)
and the amygdala. In our categorical analysis, we compared
closely matched groups with high and low CP levels, and
hypothesized decreased prefrontal and amygdala activation
in this non-clinical high CP sample. To address the often dis-
crepant findings for healthy adolescents with CP and clini-
cal groups with diagnosis of DBD, we also tested for linear
and non-linear effects of the CP dimension across the full
sample and in the high CP range on the ACC, OFC, and the
amygdala [17, 29]. Testing within the high CP group could
reveal subtle changes in brain responsivity that might be
underestimated in categorical comparison and whole sample
analyses, but still might be critical for those individuals who
are at increased risk for DBD. Regarding CU traits, previous
findings mostly refer to amygdala activity, and the goal of
the present study was also to explore potential effects in the
prefrontal region.

Methods and materials
Participants

In the present study, we use data from the European multi-
center study IMAGEN [30] where healthy adolescents were
assessed at eight European sites across the United Kingdom
(London, Nottingham), Ireland (Dublin), France (Paris),
and Germany (Mannheim, Berlin, Hamburg, Dresden). For
the purpose of the current study, we utilized the total avail-
able dataset (N, = 1444) and selected adolescents who
showed high levels of CP (n=182) at the age of 14—15 years
and individuals with low CP levels (n=182), matched
for sex, age, 1Q, and pubertal development (N, =364,
M =14.44 years (SD=0.41), n=174 female). For the defi-
nition of high versus low CP, we followed the clinical cutoff
criteria of the Strengths and Difficulties Questionnaire’s sub-
scale for CP (parent-rated version, cut off score =4). Proso-
cial behavior, as an inverse proxy for CU traits, was higher
in the control group, and used as a secondary covariate of
interest in the analyses (see Table 1 below, and supplemental
Fig. 1 for distribution of CP scores within the high and low
CP groups) (Figs. 1, 2).

The study protocol was approved by the KCL (King’s
College London) College Research Ethics Committee
CREC/06/07-71 and by local ethics research committees at
each site. Parents and adolescents gave written consent and
verbal assent, respectively.
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Table 1 Full sample and
matched group characteristics

Full sample

High CP Low CP Group comparison

Mean (Std. Dev.)  Mean (Std. Dev.)  Mean (Std. Dev.)  p value

N 1444 182 182
Matched variables

PDS 7.52 (1.43) 7.37 (1.396) 7.49 (1.394) 0.404

1Q 108.14 (13.60) 106.70 (13.987) 106.69 (13.746) 0.994

Age 14.34 (0.95) 14.44 (0.412) 14.43 (0.408) 0.846

Sex (% female) 51.5% 47.3% (87) 47.3% (87) 0.295 (4 between)

0.459 (y* within)

SDQ domains

Conduct problems 1.75 (1.57) 4.84 (1.042) 1.05 (0.763) wok

Prosocial behavior 7.91 (1.76) 6.54 (2.059) 8.23 (1.438) wok

Emotional problems  2.00 (2.02) 3.31 (2.462) 1.47 (1.569) Hk

Hyperactivity 3.03 (2.28) 5.25(2.334) 2.58 (1.958) *E

Peer problems 1.49 (1.59) 2.42(2.071) 1.27 (1.422) *E

Total 8.27 (5.20) 15.82 (5.502) 6.38 (3.485) *ok

PDS pubertal development scale, SDQ strengths and difficulties questionnaire, **p <0.001

Control

Neutral Face

Angry Face

Fig. 1 Faces task. Dynamic video clips of neutral faces, angry faces,
and control stimuli conditions. Neutral faces either morphed into
angry faces or displayed emotionally neutral movements

Psychometric assessments

Conduct problems and prosocial behavior were assessed
using the Strengths and Difficulties Questionnaire (SDQ),
which is a brief behavioral screening questionnaire for indi-
viduals of 3-16 years and provides a dimensional measure
of CP as well as emotional problems, peer problems, hyper-
kinetic symptoms, and prosocial behavior [31]. The status
of pubertal development was assessed using the Pubertal
Development Scale (PDS) [32] and IQ was estimated by
averaging the sum scores of the Wechsler Intelligence Scale
for Children (WISC-IV) subscales Matrix Reasoning (fluid
1Q marker), and Vocabulary (crystalized IQ marker) [33].

Experimental paradigm

Affective processing was assessed using a faces task from
Grosbras and Paus [34]. In this task, participants were asked
to passively view 18-s blocks comprising black-and-white
video clips of faces and contracting or expanding concen-
tric circles, which served as control stimuli. The face clips
comprised five blocks of angry and neutral expressions each
and were interleaved with nine blocks of the control stimuli
(duration of each clip: 200-500 ms). In the angry face clips,
faces with neutral expressions morphed into angry expres-
sions, while in the neutral face clips, emotionally neutral
expressions such as nose-twitching were presented. Each
18-s faces block contained 4—7 video clips.

fMRI data acquisition

Magnetic resonance images were obtained on 3 T imag-
ing systems (Siemens, Philips, GE, and Bruker). Four sites
(using GE and Philips scanners) used an eight-channel coil,
and four sites (using Siemens scanners) used a 12-channel
coil. All sites used the same scanning protocol and image-
acquisition techniques using a set of parameters compatible
with all scanners were implemented to ensure a comparison
of MRI [cf., 31]. To investigate and control overall quality
characteristics of fMRI measurements between sites a fully-
automated quality assurance using fMRI phantom measure-
ments has been established [35].

A total of 160 volumes per subject were obtained, each
containing 40 slices of 2.4 mm (1 mm gap), with a repetition
time of 2.2 s and an echo time of 30 ms. Additionally, high-
resolution T1-weighted three-dimensional structural images
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Fig.2 Task activation of the angry vs. neutral faces contrast (N, =364). Simultaneous display of effect size (color-coded) and unthresholded
t-statistics (opacity-coded). Black contours distinguish statistically significant and non-significant voxels at threshold p <0.05 (FWE-corrected)

were acquired for anatomical localization and registration
with the functional time series.

fMRI data preprocessing and first level analysis

Data preprocessing and first level analysis were performed
centrally at the Neurospin centre (at NeuroSpin-CEA, Gif-
sur-Yvette, France) using the SPM8 software (http://www.
fil.ion.ucl.ac.uk/spm/). Time series data were first corrected
for slice-timing and then for movement (spatial realignment)
relative to the first volume and non-linearly warped on the
Montreal Neurological Institute (MNI) space, using a cus-
tom EPI template. Finally, images were smoothed with a
Gaussian Kernel of 5 mm full-width half maximum. Indi-
viduals with anatomical abnormalities or excessive head
movement (>3 mm in at least one of the translations) did
not pass quality control and were not included in the analy-
ses (n=20 of complete sample).

The single subject activation maps were computed within
a general linear model (GLM) framework including 11
regressors modeling the experimental conditions (1 for each
of the 5 angry and 5 neutral face video blocks, 1 concatenat-
ing all control stimuli) and convolved using SPM’s default
hemodynamic response function. Estimated movement was
added to the design matrix in the form of 18 additional col-
umns (3 translations, 3 rotations, 3 quadratic and 3 cubic
translations, 3 translations shifted 1 TR before, and 3 trans-
lations shifted 1 TR later). The estimated model parameters

@ Springer

were then linearly combined in first level analyses to yield
significance maps and contrast maps between the conditions.
The contrast of interest for the present study was angry vs.
neutral faces.

fMRI data analyses of task and CP effects

To verify expected task activation in the subsample drawn
for the purpose of the present study, contrast images were
subjected to a one sample ¢ test across all subjects. To addi-
tionally illustrate the whole pattern of neural activity from
the angry vs. neutral faces contrast in the current subsample,
the group-level contrast estimates were plotted using dual-
coded design, which allows visualizing task-related thresh-
old and sub-threshold activity [36, 37].

To determine effects of CP on brain responses during
affective processing, we followed a two-step approach.
Based on the previous findings from clinical versus con-
trol samples, we first tested for group effects of high versus
low CP individuals using analysis of variance with the fac-
tor group and the angry faces vs. neutral faces contrasts.
Second, in the light of contrasting findings in clinical and
healthy samples, we tested for curvilinear relationships of
CP and brain responses during affective processing in non-
clinical populations, performing multiple regression analy-
ses in the full sample and in the high CP group separately.

Effects were tested on the whole-brain level and the in
regions of interests (ROIs) using SPM12 (http://www.fil.ion.
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ucl.ac.uk/spm/). ROI analyses were performed by extracting
the individual mean contrast estimates within the selected
ROIs (amygdala, OFC, and ACC) for the angry faces vs.
neutral faces contrasts using masks from the Wake Forest
University School of medicine (wfu) Human PickAtlas.
Extracted contrast estimates were subsequently subjected
to linear and non-linear regression analyses using SPSS soft-
ware (Version 25, IBM Corp., Armonk, NY, USA).

Sex, age, PDS, IQ, site (dummy coded for whole-brain
analysis), and prosocial behavior were included as control
variables (covariates of no interest). As there is no direct
measure of CU traits applied in the IMAGEN study, thus we
approximated this important dimension using the prosocial
SDQ subscale as an inverse proxy (i.e., low prosocial scores
characterizing a lack of considerate, helpful, sharing behav-
iors as with high CU traits), as done in previous research,
for example with younger groups [38]. Additionally, as the
high and low CP groups were not matched for site, we tested
for differences between sites within each group and for each
covariate using analysis of variance (ANOVA). For whole-
brain analyses family-wise error (FWE) correction for mul-
tiple testing was applied (critical a was set to 0.05) and for
ROI analyses Bonferroni correction was applied, such that
critical o was adjusted to 0.0083.

Results
Task effect

The angry faces vs. neutral faces contrast revealed activation
in prefrontal areas comprising the medial frontal gyrus, ante-
rior, and mid cingulate cortex, as well as the anterior insula
and posterior regions including posterior cingulate cortex,
cuneus, lingual and angular gyrus, and the fusiform gyrus.
(For a complete list see supplemental Table A).

Between group effects of high versus low CP

Whole brain analyses as well as ROI analyses of the amyg-
dala, OFC, and ACC yielded no significant effect of CP
group on brain responses during negative affective face
processing. No significant effects of site on whole-brain
activity could be detected in either group. Results of testing
demographic and behavioral differences between sites within
the high and low CP groups are reported in supplemental
tables B1 and B2.

Dimensional effects of CP on the amygdala
Whole brain and ROI analysis yielded no significant linear

effects of CP on amygdala reactivity to negative affective
stimuli in the full sample (supplemental tables C1 and C2).

Dimensional effects of CP on OFC and ACC

In the full sample, we found a significant linear relationship
between CP and left OFC activity (R*=0.010, p =0.048)
where higher levels of CP were associated with higher left
OFC activity (3=0.058, p=0.044, see Table 2). However,
significance of this relationship did not survive control for
multiple comparisons. When conducting the regression anal-
ysis without controlling for prosocial behavior, the effect
of CP on left OFC activity was no longer significant (see
supplemental tables F1 and F2). ROI analyses in the full
sample yielded no significant dimensional effects of CP on
the amygdala (supplemental tables C1 and C2), right OFC,
and ACC (supplemental tables D1-D3).

In the subgroup of participants with high CP, the linear
relationship between CP and left OFC remained significant
also when controlling for multiple comparisons (R=0.110,
$1=0.253, p<0.001, see supplemental table E1 and also
supplemental table H1f or the matched sample (R*=0.047,
31=0.21, p<0.001). Additionally, we found a significant
inverted quadratic association between CP and left OFC
in this subgroup (R2=O.()44, $1=0.170, B2=- 0.011,
p=0.018), with initially increasing activation with increas-
ing CP and the slope turning negative again when CP were
approximately around an SDQ score of 7 (see Fig. 3). After
removal of three participants with exceptionally high CP
scores (>7) the inverted u-shaped relation in the group
of adolescents with elevated CP remained significant
(R>=0.048, B1 =0.062, B2=— 0.001, p=0.013). Such a
quadratic association could not be observed in the full sam-
ple (R*=0.002, B1 =— 0.002, 32=0.002, p =0.313).

Discussion
In the present study, we focused on the relationship between

brain activation during negative affective processing and CP
in an epidemiological adolescent sample. Dynamic stimuli

Table 2 Full sample multiple regression on left OFC (angry >neu-
tral) [model sig. F(7,1436)=2.68 p =0.048]

Variables B Std. Error Beta t Sig

(Constant) —-0.326 0.267 —-1.222 0.222
Conduct problem 0.010 0.005 0.058  2.015 0.044
Prosocial behavior 0.010 0.004 0.066 2.311 0.021
Sex 0.016 0.014 0.029 1.087 0.277
Age 0.013 0.018 0.019  0.693 0.488
Pubertal develop- 0.009 0.005 0.048 1.746 0.081

ment

1Q 0.000 0.001 —-0.021 -0.774 0.439
site 0.002 0.003 0.018  0.669 0.503

Variable of interest is highlighted in bold

@ Springer
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Fig. 3 Dimensional effects of CP on left OFC activity. Black line: lin-
ear regression across the full sample. Blue dashed line: linear regres-
sion in the high CP group. Red curve: quadratic regression within the
high CP group (inverted u-shaped). Shaded areas represent 95% con-
fidence intervals

of angry facial expressions, which have been previously
shown to robustly elicit prefrontal activity comprising the
ACC and OFC, were used to induce negative facial affect.
Sex, pubertal development, the intelligence quotient (I1Q),
and site of data acquirement were used as covariates due
to possible co-effects [39—42]. In dimensional analyses, we
found linear and quadratic relationships between the level of
CP and responses in the left OFC, but not ACC or amygdala,
during the processing of negative facial expressions. In cat-
egorical comparison, there was no group difference between
healthy participants with high compared to low levels of CP.

The non-significant group comparison between our
healthy high and low CP groups might be seen in contrast
to some studies in clinical samples reporting decreased OFC
activity during negative affective face processing in adoles-
cents diagnosed with DBD compared to healthy participants
[20, 21], and observations of reduced orbitofrontal activation
in relation to negative emotional stimuli in adult patients
with impulsive aggression [43] or incarcerated adults with
increased scores of psychopathy [22] compared to controls.
However, similar to our findings, others have also failed to
show prefrontal dysfunction in DBD compared to control
participants [23, 24]. This might depend on the variance of
CP levels and their linear composition within the healthy
control groups and also due to the fact that our participants
were still healthy adolescents (presupposing neural altera-
tions only become significant in categorical group compari-
sons when symptoms are severe). Similar reasons might
account for the non-significant group comparisons in the
ACC. These null-findings might indicate that ACC func-
tioning is a sensitive brain correlate in the clinical domain
[e.g., 23], but no relevant brain correlate at higher, but still
sub-clinical, CP levels in healthy individuals.

@ Springer

Further, we detected no significant group differences
between high and low CP regarding amygdala responsivity.
Although we have controlled for prosocial behavior as an
inverse proxy for CU traits in the group comparisons, this
result may reflect the previous finding that CU traits shape
amygdala responsivity in different directions (for reviews,
see Baker [25], Viding and McCrory [16]).

In dimensional analyses across all participants, activity in
the left OFC linearly increased with increasing CP. Such lin-
ear associations have previously been observed for prefrontal
volume and CP levels in healthy individuals, with elevated
CP being related to increased volumes [29, 44]. Moreover,
focusing on only those participants with elevated CP levels
(i.e., SDQ score above 3) in our sample, revealed a quadratic
association with an initially positive slope and a decrease
in left OFC activity for the highest CP levels. This inverted
u-shaped association remained significant when excluding
subjects with exceptionally high CP levels. One might spec-
ulate that the positive association between OFC activity and
elevated CP at least up to some high level reflects compensa-
tion processes, where increased OFC recruitment success-
fully counteracts less effective affective processing in the
OFC through increased effort. Such reduced effectiveness of
OFC activity can reflect educational deficits, increased peer-
problems, or negative parenting styles [45-47] as well as
higher perceived social uncertainty and irritability in social
contexts [48, 49]. This potential compensation mechanism
might particularly come into play in adolescence, a transition
period where many social changes occur. For example, ado-
lescents form more complex and hierarchical peer relation-
ships and are more sensitive to acceptance and rejection by
their peers than children [50, 51]. However, in adolescents
with severely elevated CP levels, this compensatory func-
tion of the OFC is not present, which might increase the
risk for future clinical diagnosis of DBD. The assumption of
such a compensation mechanism might be tested by follow
up observation of developmental trajectories in a longitu-
dinal study design. As the IMAGEN study includes follow
up assessments several years later, allowing the tracking of
individual changes in SDQ scores and neural reactivity to
affective stimuli, further analyses to test this specific hypoth-
esis are intended by the authors.

Since the presence of elevated CP levels is not a suffi-
cient criterion for the diagnosis of DBD, lacking information
about frequency and persistence of symptoms, individuals
with a confirmed clinical diagnosis of DBD likely repre-
sent subjects with more severe impairments. The inverted
u-shaped association, if indeed extending into the clinical
domain with increasingly reduced OFC activity, might sug-
gest OFC hypoactivation is observed in group differences
only when CP are severe enough. It further suggests that
if CP levels are in a moderate range, OFC hyperactivation
may be observed.
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We observed no linear or non-linear associations between
CP and ACC or amygdala activity. Although adult norma-
tive studies reported lowered amygdala responsivity with
increasing antisocial, behavior when controlling for psy-
chopathic traits [10, 11], our results suggest no association
between amygdala activity and CP in adolescents, despite
controlling for prosocial behavior as an inverse proxy for
psychopathic or CU traits. Further, we found no dimensional
relations between ACC activity and CP. Thus, these findings
might also reflect a higher relevance of the OFC, compared
to other regions, for the processing of anger stimuli (e.g.,
[47D.

Limitations

While the present study provides important insight into the
impact of CP on negative affective face processing, a number
of limitations need to be considered. Most importantly, while
the sample was large it did not specifically include patients
with DBD and thus did not sufficiently cover the entire range
of the SDQ CP subscale (scores from 0 to 10). Indeed, the
number of subjects presenting with very high CP levels was
low. Thus, the investigation of non-linear dimensional asso-
ciations between CP and brain activity during affective pro-
cessing needs to be urgently replicated in a sample extending
well into the clinical range. Also, since several models were
run, after correcting for multiple comparisons only the linear
relation between the left OFC and CP in the high CP group
remained significant. Further, De Brito and colleagues [29]
have demonstrated an age effect on volumetric deviations in
participants with elevated CP levels, thus arguing towards
a lag in developmental maturation in participants with CP.
In the present study, however, all participants were within
a narrow age range. Therefore, despite controlling for age
to account for subtle age differences, age effects could not
be explicitly investigated here. Further, the quality control
pipeline did not include quantification of signal loss at the
individual level, which is particularly relevant for the OFC,
thus potential signal loss was not controlled for.

The lack of group differences in the present study may be
owed to the relatively small amount of individuals display-
ing very high levels of CP, who also likely fulfill diagnostic
criteria of DBD.

Further, as we used prosocial behavior as an inverse
proxy to CU traits in adolescents, assessing also other
facets of behavior, possible effects of psychopathic or CU
traits might be diluted in this study. Moreover, in our sample
we detected sex differences regarding prosocial behavior,
emotional problems, and peer problems as well as in IQ
and PDS. However, also to account for previous findings of
sex differences in internalizing and externalizing behavior
[52-54] and the developmental differences in intelligence

performance in boys versus girls [55], we further controlled
for sex, IQ and PDS when possible.

As the faces fMRI task did not require behavioral or rat-
ing responses of the subject, we had no control on whether
our participants were attentive to the stimuli during the
presentation. However, as they were all healthy we have no
reason to assume major shifts in attention or movement due
to hyperactivity. Finally, it should be noted that the fMRI
data were preprocessed with a somewhat outdated software
pipeline relying on SPM 8§, consistent with previous IMA-
GEN publications. We did not expect major differences due
to an updated software pipeline, and thus decided to keep
the original preprocessing also for the current analyses for
compatibility reasons.

Conclusions

In this study, we observed an increase with a non-linear,
u-shaped component in left OFC response to negative affec-
tive face processing with increasing CP levels in a healthy
adolescent sample. This pattern in the sub-clinical range
stands in contrast to most findings known from clinical
groups with DBD, where a decreased response has often
been reported [19-21]. However, we also observed a non-
linear, inverted u-shaped effect of CP in those individuals
with elevated CP levels. This indicates that for those individ-
uals with the highest CP levels, OFC responsivity decreases
again. This activity pattern might suggest a compensatory
mechanism where increased OFC activity might counteract
the consequences of severe CP by facilitating higher social
engagement and better evaluation of social content, which
might result in better socially adapted behavior. Such com-
pensation might fail when CP levels are very high and far
in the clinical range, resulting in less adapted social behav-
ior. As the present sample lacks sufficient coverage of very
high CP levels, future studies including clinical samples of
adolescents with diagnosis of DBD and adequately sized
groups of healthy adolescents with exceptionally high CP are
urgently needed to validate the suggested frontal compensa-
tory mechanism.
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tary material available at https://doi.org/10.1007/s00787-021-01770-1.
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