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Abstract

Adolescence is a critical developmental period marked by an increase in risk behaviors, including
nonsuicidal self-injury (NSSI). Heightened reward-related brain activation and relatively limited
recruitment of prefrontal regions contribute to the initiation of risky behaviors in adolescence.
However, neural reward processing has not been examined among adolescents who are at risk for
future engagement for NSSI specifically, but who have yet to actually engage in this behavior. In
the current fMRI study (V= 71), we hypothesized that altered reward processing would be
associated with adolescents’ thoughts of NSSI. Results showed that NSSI youth exhibited
heightened activation in the bilateral putamen in response to a monetary reward. This pattern of
findings suggests that heightened neural sensitivity to reward is associated with thoughts of NSSI
in early adolescence. Implications for prevention are discussed.

Adolescence is a critical developmental period marked by an increase in risk behaviors,

including nonsuicidal self-injury (NSSI). NSSI comprises a variety of behaviors in which an
individual intentionally inflicts harm upon his or her body without suicidal intent, including
cutting or carving one’s skin, burning, hair-pulling, and bruising one’s self (Favazza, 1998).
NSSI behavior usually first occurs in early-to-middle adolescence, and rates of NSSI
increase throughout adolescence (Hankin & Abela, 2011; Nock, Joiner, Gordon, Lloyd-
Richardson, & Prinstein, 2006). NSSI is recurrent across the lifespan and is associated with
internalizing disorders, externalizing disorders, suicide attempts, and completed suicides
among adolescents and adults (Lloyd-Richardson, Perrine, Dierker, & Kelley, 2007). In
addition, NSSI ideation can occur among early adolescents and thoughts of completing
NSSI have been shown to predict future engagement in NSSI behaviors, in addition to
suicide. Alarmingly, although NSSI and suicide attempts constitute distinct constructs and
behavioral phenomena, they often co-occur within individuals (e.g., Whitlock et al., 2011)
and many have found that NSSI may serve as “practice” for subsequent suicide attempts and
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completions (e.g., Hamza, Stewart, & Willoughby, 2012; Joiner, 2005). In sum, it is critical
to identify risk factors for NSSI thoughts and behaviors in adolescence.

In addition to increases in NSSI thoughts and behaviors observed during this time period,
youth also undergo a number of changes in brain function during adolescence. During early-
to-middle adolescence, there are increases in activation in emotion-and reward-related brain
regions including regions in the striatum (nucleus accumbens [NAcc], caudate, and
putamen) and, at the same time, relatively limited recruitment of prefrontal regions (Braams,
van Duijvenvoorde, Peper, & Crone, 2015; Chein, Albert, O’Brien, Uckert, & Steinberg,
2011; Galvan, Hare, Voss, Glover, & Casey, 2007; Van Leijenhorst et al., 2010). This
heightened reward activation, coupled with limited regulatory region activation, has been
theorized to contribute to the initiation of risky behaviors in adolescence (Steinberg, 2010).
However, despite several studies documenting elevated reward-related brain activation
(Forbes et al., 2010; Galvan, 2010; Galvan et al., 2006) and other studies finding increases in
NSSI behaviors during adolescence (Hankin & Abela, 2011; Nock et al., 2006), there has
been very little research on reward-related brain activation as it relates to risk for NSSI
among youth. It is important to examine neurobiological predictors of adolescent NSSI in
order to better target and refine programs to prevent the initiation of NSSI. To this end, in
this study we examined the association between reward-related brain activation and NSSI
thoughts in early adolescence, the developmental period just before known initiation and
increases in NSSI behavior.

THEORETICAL MODELS OF THE ROLE OF REWARD IN NSSI

Adolescents’ reward-related brain activation may be an important brain-based risk factor for
NSSI thoughts and behaviors. Theories of the development of NSSI behavior, including the
four-function model of NSSI (Nock & Prinstein, 2004), support this potential link. The four-
function model of NSSI provides a framework for understanding the ways in which NSSI is
reinforced and cuts across two dimensions: (1) positive versus negative valence and (2)
automatic (intrapersonal) versus social (interpersonal) reinforcement. Although many
individuals engage in NSSI as a means of alleviating negative affect (i.e., automatic negative
reinforcement) or escaping from stressful social situations (i.e., interpersonal negative
reinforcement), individuals also engage in NSSI for automatic positive reinforcement. The
automatic positive reinforcement function proposes that individuals engage in NSSI to
generate a desirable, ostensibly rewarding sensation. For example, some youth may engage
in self-injury to combat feelings of numbness or anhedonia (e.g., cutting to “feel
something”), to feel in control, or otherwise generate emotion. Indeed, Nock, Prinstein, and
Sterba (2010) found that, while the majority of adolescents (64.7%) engaged in NSSI to
decrease negative affect (i.e., automatic negative reinforcement), a substantial minority of
youth (24.5%) engaged in self-injury in order to “feel something” (i.e., automatic positive
reinforcement). Finally, Chapman, Derbidge, Cooney, Hong, and Linehan (2009) found that
reward dependence, a temperamental characteristic defined by enhanced responsivity to
rewarding stimuli, was a prospective predictor of self-injury among a sample of adults with
borderline personality disorder (BPD). Given this evidence, it is likely that adolescents
considering engaging in NSSI may show alterations in reward processing at the
neurobiological level, with possible increases in activation in reward-related brain regions.
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Empirical Evidence for Role of Neural Reward Processing in NSSI

Empirical evidence from functional MRI (fMRI) studies—predominantly with adult samples
—has found that NSSI behavior is associated with altered brain activation in reward regions.
First, in a study of adults with BPD, those with NSSI showed enhanced activity in reward-
related regions in the striatum (e.g., putamen, caudate) and in the orbitofrontal cortex, a
frontal region implicated in reward processing, in response to a monetary reward task
compared to BPD patients without NSSI and healthy controls (Moreno, 2015). Second, a
study by Osuch, Ford, Wrath, Bartha, and Neufeld (2014) found that, in a sample of 16-to
24-year-olds, compared to noninjurers, adolescent and young adult self-injurers showed
increased activation in reward-related brain regions (e.g., ventromedial prefrontal cortex
[vmPFC]) in response to the self-administration of a painfully cold compress (which served
as a proxy for NSSI). Taken together, these studies found evidence for heightened brain
activation in reward-related regions in adults and adolescents who engaged in NSSI
behaviors. However, a third study of reward processing and NSSI found the opposite: self-
injuring 13-19-year-old adolescent girls showed less activation in reward-related striatal and
prefrontal regions (e.g., putamen, orbitofrontal cortex) during the anticipation of a monetary
reward compared to controls (Sauder, Derbidge, & Beauchaine, 2016). In sum, initial fMRI
studies have found that NSSI is associated with altered reward-related brain activation;
however, the direction of effects is less clear. There is a need for further research on reward-
related brain activation and NSSI risk, particularly among early adolescents, which is the
focus of the current study. As noted above, while a few studies have examined NSSI and
reward-related brain activation in middle-to-older adolescents and adults, no studies have
examined reward system processing among younger adolescents who may be at risk for
future NSSI. Given that mechanisms of positive reinforcement are theorized to play a role in
the initiation of self-injurious behaviors, it is important to examine reward processing among
early adolescents considering NSSI in order to better understand how thoughts may lead to
future NSSI behaviors.

Current Study

The goal of this study was to examine how early adolescents’ activation in reward-related
brain regions in response to the receipt of reward is associated with thoughts of NSSI.
Importantly, NSSI thoughts or ideation may be a marker for future risk of adolescent NSSI
behavior (Janis & Nock, 2008; Nock et al., 2010) and so are investigated here as a proxy for
future risk of self-harm. Due to the habitual nature of NSSI, it is critically important to
examine brain function factors that are related to thoughts of NSSI during early adolescence
before youth actually hurt themselves in order to inform identification and prevention
efforts. We hypothesized that altered activation in reward-related regions of interest (ROIs:
caudate, putamen, nucleus accumbens [NAcc], vmPFC) would be associated with
adolescents’ thoughts of NSSI. Due to mixed evidence and a dearth of fMRI research on
early adolescent reward processing as it relates to NSSI, we did not hypothesize a direction
of effect (i.e., exaggerated vs. attenuated responsivity).
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Participants were 71 adolescents, ages 12-14 (M age = 12.56; 42 boys), with normal or
corrected-to-normal vision recruited from a larger, community-based study of emotion and
adolescent risk behavior. For the larger study, adolescents were recruited via mailings to
local households and flyers distributed at middle schools in a suburban area in the mid-
Atlantic United States. Inclusion criteria for the larger study were as follows: (1) child 1Q =
80 and (2) both parent and child possessed adequate English proficiency to complete
questionnaires. Exclusion criteria included the following: (1) a history of psychotic
disorders, intellectual disability, or low-functioning autism or (2) current need for acute
psychiatric or medical treatment. Of the 197 youth enrolled in the larger study, adolescents
who were interested and met MRI inclusion criteria were invited to participate in an
additional fMRI session. MRI-eligible adolescents included adolescents who were (1) MRI-
safe (e.g., no metal braces), (2) not currently pregnant, and (3) had no history of a congenital
brain defect or severe traumatic brain injury.

Of the 197 adolescents who participated in the larger study, 89 adolescents were interested
in and eligible for the fMRI session. Of these, six youth began the fMRI scan but left the
scanner early due to feeling anxious, two youth left early due to allergies or developing a
headache, and one youth did not complete the reward task because of a computer
malfunction. Of the 80 remaining participants, nine were excluded due to psychiatric
medication use. Thus, the final sample included 71 adolescents (M age = 12.52; 38 boys).

The majority of the adolescents were identified as White (75%) and were of middle-to-
upper-middle socioeconomic status (for demographic information, see Table 1). These youth
were not significantly different from the full fMRI sample on thoughts of self-injury or
demographic variables. Four of the 71 participants included in MRI analyses met criteria for
a DSM-1V disorder as assessed by the Diagnostic Interview for Children and Adolescents
(DICA; Reich, 2000), see Table 1.

Adolescents attended two behavioral assessment sessions as part of the larger study. During
the first behavioral session, adolescents completed questionnaires, interviews, and other
tasks, including a structured interview on NSSI. The 71 MRI-eligible and interested
adolescents also completed an MRI session. The study was described to the parent and
adolescent, and a research assistant (RA) obtained their informed consent and assent,
respectively.

fMRI Session Procedure Overview

The fMRI sessions were scheduled approximately 2 to 6 weeks from the initial
questionnaire/interview sessions (M time difference = 3.37 weeks, SD = 3.18). Adolescents
were asked to refrain from substance use (e.g., alcohol, tobacco) on the day of the fMRI
session; all confirmed compliance the day of the session. An experienced MRI technologist
operated the scanner with the assistance of a trained RA. Upon arrival for the fMRI session,
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participants were rescreened for MRI safety by the MRI technologist via an interview with
the adolescent and parent. Next, adolescents met with the RA and completed practice task
items on a laptop to become familiarized with the scanner tasks and button response pad.
Afterward, the RA described the scan to the adolescents and offered the adolescent an
opportunity to lie down in a mock scanner (11 youth did so).

Adolescents then completed a 60-minute fMRI session, including four functional task-based
scans, a resting-state scan, and a T1-weighted structural scan. The current study includes the
first functional task-based scan only. Functional MRI scans and structural images were
acquired on a Siemens 3T Allegra MR scanner. Ear buds, headphones, and head support/
padding were provided to reduce noise and minimize movement. While in the scanner,
adolescents viewed stimuli via a high-resolution rear projection system at the head of the
bore. Mirrors attached to the head coil allowed the participant to view the display. Stimuli
for the reward task were presented via E-Prime software. All participants were compensated
$50 for participating in the fMRI session.

Reward Task.—The reward paradigm was a card-guessing task developed and used by
Forbes et al. (2009) with adolescents. The task was a single run, slow event-related design
comprising 24 trials, 12 of which were potential win trials (six win outcomes, six neutral
outcomes) and 12 of which were potential loss trials (six loss outcomes, six neutral
outcomes). Trials were presented in a pseudorandom order. Although outcomes were fixed,
adolescents were told that outcomes were random.

With respect to the trial structure (see Figure 1), during each 20-second trial, adolescents
were first presented with a question mark and had 4 seconds to guess via button press (index
finger = low, middle finger = high) whether the number of a subsequently presented card—
with possible values ranging from 1 to 9—would be lower or higher than 5. After his or her
prediction, the adolescent viewed shuffling cards accompanied by either an up or down
arrow for 6 seconds to indicate whether the current trial was a possible win or possible loss
trial, respectively. Next, adolescents viewed the “actual” card (500 ms) and then viewed
feedback on the outcome of the trial (win: green upward-facing arrow; loss: red downward-
facing arrow; neutral/no change: yellow circle; 500 ms). Afterward, they viewed a crosshair,
which served as an intertrial interval (9 s). Participants were told that they would earn $1 for
each win, lose $.50 for each loss, and experience no change in their earnings for neutral
outcomes. The participants were unaware of the predetermined outcome probabilities and
were led to believe that their compensation was directly tied to their performance on the
task. Of note, participants were told that the RA would calculate their winnings at the end of
the task, and their current total earnings were not displayed in each trial of the task. All
participants who completed the reward paradigm “won” 6 and were provided with $6 in cash
at the end of the session, in addition to the $50 compensation for participating in the MRI
session. Analyses focused on win outcome minus neutral outcome contrasts in potential win
trials (win outcome—neutral outcome).

Image Acquisition.—Functional images of the blood oxygen level-dependent (BOLD)
response during the reward task were collected using gradient-echo echoplanar images (EPI)
(TR/TE: 2250/30 ms; flip = 70°; FOV: 192 mm; matrix size: 64 x 64; 40 axial 3 mm thick/1
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mm gap slices). For structural imaging, we acquired T1-weighted MPRAGE anatomical
images (TR/TE = 2,300/3 ms; FOV = 260 mm; matrix size = 256 9 256; 160 1-mm-thick
slices).

Nonsuicidal Self-Injury.—Adolescents’ thoughts of NSSI were assessed via the NSSI-
specific portions of the Self-Injurious Thoughts and Behaviors Interview (SITBI; Nock,
Holmberg, Photos, & Michel, 2007) during the initial assessment session. The SITBI is a
widely used measure that assesses the presence, frequency, and severity of a range of self-
injurious thoughts and behaviors that has demonstrated strong interrater reliability (x = .99),
test—retest reliability (x =.70), and convergent validity (Nock et al., 2007). Adolescents’
thoughts of NSSI were assessed with two items from the scale. The first item asked about
past thoughts (“Have you ever had thoughts of purposely hurting yourself without wanting
to die (e.g., cutting or burning)?” yes/no). The second item asked about future thoughts
(“How much do you believe that you will think about NSSI in the future?” 0 = no chance; 4
= very much). For analyses, we created a dichotomous variable that combined responses on
these two items to reflect overall past and future thoughts of NSSI (0 = no to all, 1 = yes or >
0 on either). These items were highly correlated and overlapping (r= .60, p < .000).
Approximately 25% (= 19) of youth reported experiencing past or future NSSI thoughts.
Finally, we examined NSSI thoughts in this study as a proxy for risk for potential NSSI
behaviors (as described in the introductory text), but we also measured past NSSI behaviors.
Only one child reported past behaviors, so we were unable to examine that variable in
analyses.

Data Analytic Plan

MRI Processing and Preliminary Analyses.—The fMRI data were analyzed with FSL
5.0 (FMRIB, Oxford, UK) and MATLAB (MathWorks, Natick, MA, USA). Data were slice
timing and motion corrected. We inspected the data for motion. None of the youth had
motion > 6 mm in any direction for one TR or motion > 1.5 mm for 80% of TRs; therefore,
no youth were excluded. For the 12 youth who had motion spikes greater than1.5 mm (< 6
mm) for one TR in any direction, we censored these timepoints in the linear regression
analysis using temporal masks created by fsl_motion_outliers. Data were coregistered to
each participant’s mean MPRAGE image from all timepoints, and then to the Montreal
Neurological Institute (MNI) template, and smoothed with a 6 mm FWHM Gaussian kernel.
Regressors for the onset and duration of events of interest were convolved with double
gamma functions and temporal derivative to create explanatory variables. Motion parameters
(and temporal masks, when appropriate) were included in the first-level analysis. Linear
regression at each voxel, using generalized least squares with a voxel-wise, temporally and
spatially regularized autocorrelation model, drift fit with a Gaussian-weighted running line
smoother (96s FWHM). Contrasts of parameter estimates (COPES) for win outcome and
neutral outcome were calculated for each participant.

Covariates.—We considered including child age, sex, race, handedness, and diagnosis as
potential covariates in analyses. Although the presence of a diagnosis was positively
correlated with thoughts of NSSI (r= .35, p=.003), DICA diagnosis was not correlated with
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activation in any of the reward-related ROIs; therefore, we did not include this as a covariate
in analyses. None of them were significantly associated with NSSI thoughts or activation in
reward-related regions and were therefore not included in analyses (see Table 2). Given prior
findings of different patterns of activation in samples with girls only versus samples with
both boys and girls, we also examined gender as a moderator of the association between
reward-related brain activation and NSSI.

Analyses.—Analyses focused on a priori ROIs related to reward processing (L & R NAcc,
L & R caudate, L & R putamen, L & R vmPFC). Subcortical ROIs were created from the
Harvard-Oxford atlas in FSL, and cortical ROIs (L&R vmPFC) were created from the AAL
atlas. Mean COPE values from the first-level analyses of the win trials and neutral trials
were extracted from the ROIs and win—neutral scores were calculated. Independent-samples
ttests were conducted to compare BOLD activation in reward-related regions upon the
receipt of money between adolescents who did and did not report thoughts of NSSI. We also
used logistic regressions to test gender as a moderator of activation in reward regions and
adolescents’ thoughts of NSSI. To control for multiple comparisons, a Benjamini-Hochberg
false discovery rate (FDR) correction was applied at p <.05. Both FDR-corrected and
uncorrected p values, in addition to estimates of effect size, are reported.

Data Inspection

Region of interest activation data were examined for outliers (values > 3 SDs above the
mean). L and R NAcc activation and R putamen each had one outlier case, and the L caudate
had 2 outliers in the win—neutral condition. Outliers were set to 3 SDs above or below the
mean; similar procedures have been used in prior fMRI studies.

Adolescent NSSI Thoughts and Reward-Related Activation

Putamen.—Early adolescents’ thoughts of NSSI were significantly associated with both L
and R putamen activation in response to the reward outcome condition with FDR correction
and with large effect sizes (see Table 3, Figure 2). This finding suggests that adolescents
who have endorsed current or past thoughts of NSSI show elevated bilateral activation in the
putamen compared to their non-NSSI thinking counterparts.

Caudate.—Adolescents’ thoughts of NSSI were not significantly associated with either L
or R caudate activation in the reward outcome condition after applying the FDR correction
(see Table 3). Although not statistically significant, there was a medium effect size for
adolescents who endorsed thoughts of NSSI to have higher mean levels of bilateral caudate
activation than those without thoughts of NSSI.

NAcc.—Independent-samples £test analyses showed that early adolescents’ thoughts of
NSSI were not significantly associated with either L or R NAcc activation. Although not
statistically significant, there was a medium effect size for adolescents who endorsed
thoughts of NSSI to have higher mean levels of R NAcc activation than those without
thoughts of NSSI.
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vmPFC.—Independent-samples #tests showed that thoughts of NSSI were not associated
with either L or R vmPFC activation to the win—neutral outcome condition (see Table 3).
Although not statistically significant, there was a medium effect size for adolescents who
endorsed thoughts of NSSI to have higher mean levels of R vmPFC activation than those
without thoughts of NSSI.

Moderation by Gender—Gender was not found to be a moderator of adolescents’
thoughts of NSSI and reward-related activation in any of the ROls.

DISCUSSION

The present study was the first to examine associations between reward-related brain
activation and thoughts of NSSI in early adolescence. Based on prior research implicating
aspects of positive affectivity and reward sensitivity—including abnormal reward processing
—in NSSI behaviors (e.g., Schreiner et al., 2015), we hypothesized that altered activation of
reward-related regions would be associated with early adolescents’ thoughts of NSSI. The
results showed that youth who endorse thoughts of NSSI exhibited heightened bilateral
activation in the putamen, a reward-related region in the striatum, in response to a monetary
reward compared to those who did not report having such thoughts. In addition, although
they did not survive FDR correction, there were nonsignificant differences between NSSI
thinkers versus nonthinkers in the L and R caudate, R NAcc, and R vmPFC, with medium
effect sizes. These nonsignificant patterns of findings were in the same direction as the
putamen, with NSSI ideators showing heightened activation in these reward-related brain
regions in response to monetary reward.

The results suggest that early adolescents who have considered NSSI—but who have not yet
acted on these thoughts (with the exception of one child)—may be especially sensitive at the
neural level to rewarding stimuli. Compared to children and adults, adolescents show
increased striatal activation in response to the anticipation and receipt of rewards (Braams et
al., 2015; Chein et al., 2011; Galvan et al., 2006), and reward hypersensitivity has been
theoretically and empirically linked to the increase in risky behaviors observed among
adolescents (Van Leijenhorst et al., 2010). In the context in which suicide-related
experiences —including NSSI thoughts and behaviors— may be considered risky or
impulsive behaviors, our findings are consistent with these theories (e.g., Youssef et al.,
2016). Our findings are also consistent with past behavioral research showing that many
adolescents engage in NSSI for reasons related to positive affect (e.g., cutting to “feel
something”; Nock et al., 2010) and that NSSI promotes the release of endorphins, which are
experienced as a rewarding “rush” or “high” following acts of self-injury (Stanley et al.,
2010).

Our findings were consistent with two neuroimaging studies (one with adults and one with a
sample of adolescents and adults) which found heightened activity in reward-related striatal

regions (and vmPFC) in response to a cold compress and a monetary reward was associated

with greater NSSI behaviors (Moreno, 2015; Osuch et al., 2014). Notably, one of the striatal
regions found by the Moreno study to be associated with NSSI was the putamen, also found
in our study. However, it is important to note that the current study employed a generic
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reward task; it is unclear whether these findings would generalize to more NSSI-specific
rewards. Our findings are inconsistent with one study that found associations between
lowered brain activation in striatal regions and vmPFC to anticipation of monetary reward in
female 13-to 19-year-old adolescents with NSSI versus controls (Sauder et al., 2016).
However, in contrast to the present study, Sauder et al. (2016) examined adolescents who
were slightly older (M age = 15.8 years), who were female, and who had already engaged in
NSSI behaviors. The current study’s results replicate and extend past studies’ findings by
including a younger sample of youth who have considered NSSI but who have yet to engage
in actual self-harm behaviors (and thus who have not yet experienced consequent
neurobiological effects of self-injury). Gender was not found to be a significant moderator of
the association between brain activation and NSSI thoughts, suggesting that our inclusion of
boys was likely not the differentiating factor (but should be considered in future research
with larger samples of boys and girls). However, developmental level and progress of NSSI
severity may be an explanation.

From a developmental perspective, one way to reconcile these seemingly discrepant findings
(with NSSI linked to blunted and exaggerated reward system responses in studies with
different age groups) involves considering developmental factors. For example, it is possible
that heightened reward system activation (perhaps particularly in the putamen) may be
associated with thoughts of future NSSI during early adolescence, which may subsequently
lead youth to engage in NSSI behaviors in middle-to-late adolescence. Then, the act of
engaging in self-harm may alter reward system responsivity, perhaps by desensitizing
middle-to-late adolescents and adults to rewarding stimuli more generally and leading to a
blunted reward system response over time. Although theories likening NSSI to an addiction
have generally not received empirical support (Victor, Glenn, & Klonsky, 2012), repeatedly
engaging in NSSI may have the unintended consequence (similar to addictive behaviors) of
altering reward circuitry, perhaps dampening reward sensitivity and reactivity.

Developmentally, in childhood and early adolescence, some children may show elevated
reward system sensitivity, making it more likely that they will engage in a myriad of risky—
albeit rewarding—hbehaviors, including NSSI. Interestingly, a similar “blunting” pattern has
been shown in the early childhood stress literature, wherein some children who repeatedly
engage the HPA axis in early childhood when experiencing chronic stress may over time
show a pattern of blunted or hyporesponsive HPA axis activation by adolescence (e.qg.,
Gunnar & Vazquez, 2001; Tarullo & Gunnar, 2006). Longitudinal studies are especially
needed to fully understand the developmental patterns of whether reward-processing
abnormalities precede or follow from engaging in NSSI, and how these trajectories change
across time. It also may be that our findings are different because we included both boys and
girls, whereas most other adolescent fMRI studies of NSSI only include girls (Sauder et al.,
2016). It is possible that NSSI may be related to more sensation-seeking reward sensitivity
for boys and dampened reward sensitivity for girls (or vice versa). However, as previously
mentioned, we did not find gender moderation of links between brain function and NSSI;
future studies should explore the role of gender on the relationship between neural reward
function and NSSI in larger samples of adolescents, including both boys and girls.
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Notably, our strongest findings for associations between brain activation to reward and NSSI
thoughts were found for the putamen. Neurobiologically, the putamen and caudate may be
particularly functionally related to risk behaviors in that they both, along with the nucleus
accumbens, comprise the striatum, a critical component of the reward system involved in
motor and action planning, risky decision making, motivation, reinforcement, and reward
perception. Heavily anatomically connected to the premotor and primary motor areas of the
brain (i.e., the basal ganglia), the putamen has been particularly implicated (more so than the
NAcc and caudate) in evaluating actions in terms of sensory contexts and rewards.
Furthermore, the putamen is particularly involved in the learning of stimulus—action—
response associations and the preparation and execution of reward-oriented motor
movements (Haruno & Kawato, 2006). Perhaps because the putamen has been found to
integrate information regarding the expectation of a reward with associated action
tendencies, the putamen has also been linked to the transition from goal-directed to habitual
drug use behavior in animal models (McKim, Shnitko, Robinson, & Boettiger, 2016; Zapata,
Minney, & Shippenberg, 2010). Thus, it is possible that the putamen may be involved in the
transition from the consideration of self-injury to actual engagement in NSSI behaviors and,
thus, it may have been particularly sensitive to our measure of NSSI, which involved
questions regarding one’s actual intent to carry out future NSSI behaviors.

Limitations and Future Directions

Despite the intriguing pattern of findings, the limitations of the present study provide many
avenues for future research. First, our sample consisted of predominantly White, middle-
socioeconomic status early adolescent participants recruited from community settings; these
results may not generalize to older, clinical, and/or ethnically and socioeconomically diverse
samples of adolescents. Notably, it is still useful to understand these processes in younger,
non-clinical samples—ideally before the onset and escalation of risk behaviors and
associated psychopathology—to better understand processes underlying NSSI before NSSI
behaviors occur. In addition, our sample included youth who endorsed thoughts of self-
injury, as opposed to actual NSSI behaviors. Although these adolescents may be at risk for
future NSSI, it is likely that neural patterns of reward activation may differ between those
who do and do not engage in self-harm. The current study was also limited in that our
paradigm only allowed us to assess adolescents’ responses to generic, monetary rewards.
Future studies should employ different paradigms that include rewards that may be more
salient for youth at risk for NSSI, such as social or NSSI-specific rewards.

Given that the act of engaging in self-injury may alter reward pathways, future studies
should employ longitudinal analyses that follow early adolescents through young adulthood
in order to better elucidate how changes in reward sensitivity contribute to the etiology and
maintenance of NSSI and other suicide-related behaviors over time. Furthermore, given the
importance of social- contextual factors on adolescents’ reward responsivity as well as their
susceptibility to deviant risk behavior, future studies should consider examining what
developmental factors (such as environmental factors) lead to altered reward system
responsivity. Finally, it remains unclear whether aberrant reward processing underlying
NSSI differs from that underlying other risky behaviors, many of which share similarities
such as high impulsivity and reward sensitivity. High striatal activation to reward may be a

Suicide Life Threat Behav. Author manuscript; available in PMC 2020 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Poon et al.

Page 11

“transdiagnostic” factor underlying substance use, risky sex, and a myriad of other risk-
taking behaviors including NSSI. However, it is also possible that there are alterations in
reward processing specific to NSSI. For example, NSSI commonly co-occurs with
depression, which has been linked to a blunted reward system response in adolescents
(Forbes et al., 2009). Given this, reward system activation among those who engage in NSSI
may be slightly attenuated compared to other types of risky behaviors. Future studies should
seek to elucidate which, if any, aspects of reward processing are NSSI-specific.

The present study offers a number of promising implications aimed at the identification,
prevention, and treatment of individuals at risk for self-harm. First, results of the current
study suggest that interventions may target youth with increased reward sensitivity for
programs to prevent self-harm. Second, our findings suggest that interventions should focus
on decreasing reward sensitivity in at-risk youth or channeling at-risk adolescents’
heightened reward responsiveness toward more positive alternative behaviors instead of
risky behaviors such as NSSI. Future studies should consider examining other structural and
functional brain factors among early adolescents who endorse thoughts of NSSI to inform
targeted prevention efforts for those at risk for engaging in these behaviors.
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Figure 1.
Reward task.

Suicide Life Threat Behav. Author manuscript; available in PMC 2020 April 27.

Page 14

Fixation Cross: 9s



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Poon et al.

Page 15

Bilateral Putamen

Mean L_putamen_RewOutcome

5004
00

a0

Mean R_putamen_RewOutcome

e

Aoent
Thoughts of NSSI
Error bars: 95% €1

present

Abemt
Thoughts of NSS!
Error bars: 95% C1

Figure 2.

Significant brain activation to reward outcome (reward win—reward neutral) between those
who did and did not endorse thoughts of nonsuicidal self-injury (NSSI) for the L and R
putamen. Brain image displays bilateral putamen ROl masks from the Harvard-Oxford

subcortical atlas.
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Demographics and Adolescent NSSI Thoughts and Diagnosis Information

TABLE 1

Adolescent gender: number (%) male
Adolescent age (years): mean (SD); range
Child race: number (%)
White
More than one race
Asian
Other
African American
Adolescent Hispanic ethnicity number (%)
Family income: number (%)
$25,000-34,999/year
$50,000-59,999/year
$60,000-74,999/year
$75,000-100,000/year
>$100,000/year
—Not reported
Adolescent thoughts of NSSI: number (%)

@ndolescent DICA diagnoses: number (%)
No diagnosis
Major depressive disorder (MDD)
Generalized anxiety disorder (GAD)
Oppositional defiant disorder (ODD)

38 (47.5)
12.56 (.65); 12-14

60 (75.0)
8(12.1)
5 (6.3)
5 (6.3)
2(2.5)
8(7.7)

2(2.5)
1(13)
8 (10.0)
8 (10.0)
60 (75.0)
1(13)
19 (23.8)

67 (94.4)
2(2.8)
1(1.4)
1(1.4)

DICA, Diagnostic Interview for Children and Adolescents.
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a . . - . . . S -
These diagnoses only include the 71 participants included in MRI sessions. We excluded youth who were currently on psychiatric medication

from MRI analyses.
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