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Non-Suicidal Self-Injury: Pain Addiction Mechanisms,
Neurophysiological Signatures, and Therapeutic
Advances
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Abstract

The aim of this study was to review the neurobiological mechanisms,
epidemiology, and therapeutic interventions for non-suicidal self-inju-
ry (NSSI), emphasizing the pain addiction model and electroencepha-
lographic biomarkers as frameworks for precision intervention. A nar-
rative review of the literature was conducted using PubMed, Web of
Science, CNKI, and Wanfang Data up to October 2025. Search strategy
employed the terms “non-suicidal self-injury,” “pain addiction,” “elec-
troencephalography,” “endogenous opioid system,” and “HPA axis.”
Selection criteria prioritized original human studies, high-quality sys-
tematic reviews, and mechanistic investigations. Pain addiction and
electroencephalography (EEG) were selected as focal variables based
on their explanatory power: pain addiction elucidates NSSI perpetu-
ation through endogenous opioid-mediated reward sensitization and
dopaminergic reinforcement, while event-related potentials (ERPs)
provide temporal precision in mapping cognitive-affective dysregula-
tion underlying emotional impulsivity and regulatory deficits. Global
adolescent NSSI prevalence averages 17.2%, with Chinese rates
reaching 24.7% and trends toward earlier onset. Neurobiological sub-
strates include fronto-limbic dysregulation, hypoactive hypothalamic-
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pituitary-adrenal (HPA) axis function with blunted cortisol reactivity,
and endogenous opioid system alterations producing widespread hy-
poalgesia. EEG/ERP studies demonstrate increased N2 amplitude with
decreased P3 amplitude and prolonged latency during negative stimuli
processing, reflecting impaired conflict monitoring and attentional re-
source allocation. Dialectical behavior therapy shows established ef-
ficacy, while repetitive transcranial magnetic stimulation and opioid
antagonists demonstrate therapeutic potential. NSSI emerges from
neurobiological vulnerability within pain-reward-emotion circuits
interacting with psychosocial factors. The pain addiction framework
and EEG signatures provide translatable targets for biomarker devel-
opment and personalized intervention. Future research requires multi-
modal neuroimaging, longitudinal designs, and genetic integration to
establish predictive algorithms and precision therapeutics.

Keywords: Non-suicidal self-injury; Addiction; Endocrine hormone;
Pain

Introduction

Non-suicidal self-injury (NSSI) refers to a series of deliberate,
repeated, and direct behaviors where individuals intentionally
harm their own body tissues without suicidal intent, causing mild
to moderate physical damage that is socially unacceptable [1-4].
Common methods of NSSI include cutting, hitting, scraping,
burning, stabbing, and biting - with cutting (using knives) being
the most prevalent practice [1-4]. The functions of NSSI extend
beyond pain modulation into multiple dimensions. In terms of
emotion regulation, NSSI often functions to rapidly alleviate
intense negative emotions. Its neurobiological basis may lie in
dysfunctional connectivity within the prefrontal-limbic system
(particularly between the dorsolateral prefrontal cortex (PFC)
and amygdala), which self-injury may temporarily modulate [5].
Interpersonally, NSSI can function as a non-verbal communi-
cation strategy to express distress or influence others; research
indicates that interpersonal dysfunction is a core factor in the ini-
tiation and maintenance of NSSI [6]. Furthermore, while some
individuals with NSSI exhibit heightened pain tolerance, this
often stems from “distress overtolerance” developed through
chronic suffering and is closely linked to self-punishment mo-
tives rather than representing an adaptive mechanism [7].
Given this complex psychosocial background, NSSI con-
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Figure 1. Prevalence of non-suicidal self-injury (NSSI) among adolescents in different regions.

stitutes a severe public health challenge. NSSI is recognized as
an independent clinical diagnosis in the Diagnostic and Statis-
tical Manual of Mental Disorders, Fifth Edition (DSM-5) [4,
8] and can severely harm an individual’s physical and mental
health. Furthermore, when its prevalence rises within a popu-
lation, NSSI may also impair social functioning - for exam-
ple, by straining healthcare resources and reducing workforce
productivity, thereby undermining overall societal efficiency.
Epidemiological studies indicate a rising annual incidence
of NSSI among adolescents globally in recent years [9]. The
World Health Organization identifies NSSI as one of the top
five health threats to adolescents.

However, addressing this challenge effectively hinges on a
deeper understanding of the mechanisms driving the behavior.
While existing research has outlined the psychosocial profile
of NSSI, the neurobiological foundations explaining its pro-
gression from a coping strategy to a persistent and addictive
behavioral pattern remain insufficiently explained. Bridging
this knowledge gap from behavioral phenomenon to addictive
mechanism is the central aim of this review. Specifically, the
“pain addiction” hypothesis serves as a key framework, link-
ing the repetitiveness of NSSI to the rewarding and regulatory
roles of the endogenous opioid system (EOS) [1, 10, 11]. Con-
currently, electroencephalographic characteristics, particularly
event-related potentials (ERPs), provide a dynamic window for
investigating NSSI-related deficits in impulse control, emotion
regulation, and reward processing at a millisecond temporal res-
olution [12-14]. Integrating the “pain addiction” hypothesis with
objective evidence from electroencephalography (EEG) charac-
teristics offers a novel and powerful perspective for systemati-
cally elucidating the neuropsychological mechanisms of NSSI.

Therefore, this review aims to systematically summarize the
epidemiological patterns and clinical personality foundations of
NSSI, with a focused effort on integrating multi-level evidence
surrounding the “pain addiction” framework - spanning neu-

roendocrine, neurochemical, and neural circuitry mechanisms.
It will delve into how EEG/ERP features serve as dynamic bio-
markers of cognitive-affective dysfunction in NSSI. Building
upon this neuroscientific framework, the review will evaluate
current effective psychological and physical interventions and
finally propose directions for future research to advance precise
diagnosis, treatment, and mechanistic understanding of NSSI.

The Epidemiology of NSSI
Incidence of NSSI

NSSI is a global public health issue that spans developmental
stages. While adolescents represent a high-risk group, its preva-
lence in the adult population is also significant. A systematic re-
view [15] synthesizing multiple studies indicates that the global
average incidence rate of NSSI among adolescents is approxi-
mately 17.2% (Fig. 1). Specific data show detection rates of
17.5% (Fig. 1) in the United States, and a joint survey across 11
European countries indicates that 27.6% (Fig. 1) of adolescents
have experienced NSSI. In developing countries, the overall
incidence of NSSI ranges from approximately 11.5% to 33.8%
[16]. Within this global context, the average incidence rate of
NSSI among Chinese adolescents is about 24.7% [9, 17] (Fig. 1).

It is crucial to emphasize that NSSI is not confined to ado-
lescence. Epidemiological research confirms that NSSI behav-
ior is also significant in adult populations. A meta-analysis based
on community adult samples found the lifetime prevalence of
NSSI to range between 6.0% and 7.8% [18]. In clinical settings,
for instance, among adult patients meeting the diagnostic crite-
ria for borderline personality disorder (BPD), the occurrence of
NSSI is extremely common, with reported rates reaching as high
as 70% to 80% [19]. These data clearly indicate that NSSI is a
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Figure 2. Prevalence distribution of different NSSI methods. NSSI: non-suicidal self-injury.

clinical concern that requires attention across the entire lifespan.

Overall, the global lifetime prevalence of NSSI in non-
clinical samples is approximately 13% to 24% [10]. When
disaggregated by group, the point prevalence in adolescent
non-clinical samples is about 4% [20], while this figure rises
sharply to approximately 50% in inpatient adolescent samples
[20]. Research on psychiatric samples shows that up to 60% of
adolescents have experienced at least one NSSI episode [21],
and around 50% engage in repetitive NSSI [21]. Across the
lifespan, about 5% to 17% of people engage in NSSI at some
point, and these behaviors often persist for several years [22].
The public health impact is severe. A 2017 World Health Or-
ganization survey results revealed that self-injurious behavior
was already the third leading cause of accidental death among
adolescents aged 10 to 19; simultaneously, it is the second
leading cause of accidental death among female adolescents
and the fifth among male adolescents globally [23].

Epidemiological characteristics of NSSI incidence

The majority of epidemiological investigations indicate that the
onset of NSSI frequently occurs during adolescence, with glob-
ally high and progressively increasing rates showing a trend to-
ward younger ages [9]. However, NSSI behavior demonstrates
both persistence and late onset patterns. Longitudinal studies re-
veal that a significant proportion of adolescent-onset NSSI con-
tinues into adulthood; and additionally, some individuals first
engage in NSSI during adulthood. Studies show that an initial
onset age under 12 years is a risk factor for more frequent and
severe NSSI in the future [9]. A systematic review of longitudi-
nal studies on NSSI found that its prevalence peaks during mid-
adolescence (approximately 15 - 16 years) and declines in late
adolescence (around 18 years) [21, 24]. For NSSI that persists
into adulthood, it is often associated with more severe psycho-
pathology and higher levels of psychological distress [25].
Regarding gender differences, extensive research demon-
strates higher NSSI incidence, earlier onset ages, and greater
frequency in females compared to males [9, 24]. This pattern

of gender disparity is also prevalent in adult samples, with a
meta-analysis confirming a significant female-to-male ratio in
NSSI risk [26]. In cognitive aspects, some studies indicate that
high intelligence quotient (IQ) may be a potential risk factor
for NSSI behavior in adolescents [24].

Concerning environmental risk factors, multiple studies
confirm that family, school, and social environments signifi-
cantly influence NSSI behaviors across all age groups [3, 24,
27]. Individuals from incomplete family structures or exposed
to adverse parenting styles are at a significantly increased risk.
Parental mental states and personality traits also constitute risk
factors for adolescent NSSI [3, 28]. Furthermore, childhood
trauma, particularly emotional abuse and emotional neglect,
is one of the strongest predictors of NSSI [3, 24, 28], with
one study reporting that 72% of NSSI patients had experienced
emotional abuse [28]. School bullying is another crucial risk
factor contributing to adolescent NSSI [3, 28]. For adults,
in addition to the long-term effects of early trauma, current
stressors such as workplace pressure, intimate relationship
breakdowns, and social isolation become significant triggers
or maintaining factors for NSSI behavior [29].

Methods and motivations of NSSI

Existing studies have identified 12 forms of NSSI behaviors,
including cutting, burning, scratching, head banging, hitting,
among others. According to research by Saraff et al [30], ap-
proximately 42.3% of individuals engaging in NSSI reported
using one method of self-harm, while 28.8% used two methods
and 13.5% used three. The distribution of specific self-harm
methods was as follows: the most common form was cutting
with a sharp object (71.2%), followed by severe scratching
(32.7%). Other methods, in descending order of prevalence,
included hitting oneself (26.9%), interfering with wound heal-
ing (19.2%), biting (15.4%), burning (13.5%), rubbing skin on
rough surfaces (13.5%), carving on the body (9.6%), piercing
with needles (7.7%), swallowing dangerous objects (7.7%),
hair pulling (5.8%), and pinching (3.8%) (Fig. 2).
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Regarding gender differences in NSSI behaviors, it is gen-
erally recognized that distinct patterns exist between males
and females. Studies conducted among university students in-
dicate that females tend to initiate NSSI at an earlier age and
are more likely to use cutting and scratching methods, whereas
males show a greater tendency toward burning [3].

The primary motivation for engaging in NSSI is to relieve
and manage negative emotions (92.7%), followed by the de-
sire to control or influence others (60.6%) [30].

Personality profiles in clinical populations with NSSI

Individuals with NSST commonly exhibit significant emotional
dysregulation and are prone to persistent negative thought pat-
terns. This combination, frequently exacerbated by interper-
sonal difficulties, a lack of social support, and deficient prob-
lem-solving skills, leads to the use of self-injury as a coping
mechanism for intense negative affect. Thus, their behavioral
profile is often marked by impulsivity, affective instability, and
extreme coping strategies [2, 4, 23].

Exploring the Pathogenesis of NSSI

The psychological mechanisms of NSSI behavior addiction

Understanding why NSSI can transition from an episodic
behavior to a persistent, addiction-like pattern requires ex-
planatory models that address its complex development and
maintenance. Currently, psychologists have proposed several
key frameworks, including the experiential avoidance model,
the four-function model, and the interaction of person-affect-
cognition-execution (I-PACE) model, to explain the underly-
ing mechanisms of NSSI addiction. Additionally, concepts
from related fields, such as the “sensitization hypothesis” and
“catharsis effect” from suicide research, are often explored for
their potential relevance [1].

The experiential avoidance model [31] provides a founda-
tional explanation by focusing on the role of negative reinforce-
ment in escaping aversive emotional states. It posits that NSSI
addiction stems from self-administered negative reinforcement,
whereby individuals engage in self-harm to escape aversive
emotional reactions triggered by external stimuli. The repetition
of self-injurious behavior is thus directly reinforced by the subse-
quent reduction of negative emotional experiences [1]. A critical
consideration of this model is its primary focus on negative rein-
forcement; while powerful, this narrow scope may not fully ac-
count for the diversity of motivations, such as seeking sensation
or social outcomes, that can also contribute to addictive patterns.

Expanding on the reinforcement concept, the four-func-
tion model [32] offers a more nuanced framework by catego-
rizing the motivations that maintain NSSI. It proposes that the
behavior is reinforced through either social (interpersonal) or
automatic (intrapersonal) events, each operating via negative
or positive reinforcement. Specifically, social negative rein-
forcement involves using self-injury to escape interpersonal
demands; social positive reinforcement aims to gain atten-

tion or support; automatic negative reinforcement is used to
reduce stress and negative emotions; and automatic positive
reinforcement seeks to generate desired physiological sensa-
tions [1]. Consequently, individuals driven by these combined
reinforcement mechanisms may escalate to more frequent and
severe self-harm. However, it is crucial to avoid overgenerali-
zation; while these reinforcement processes are central to the
behavior’s maintenance, equating them directly with a clinical
“addiction” requires caution, as not all reinforced behaviors
necessarily meet the full threshold for an addictive disorder.

The I-PACE model [33] conceptualizes NSSI addiction as
a behavioral outcome resulting from the complex interaction
between a vulnerable individual’s predispositions, affective and
cognitive responses to stimuli, and their executive functions
(EFs). This model integrates multiple domains, suggesting that
for predisposed individuals, core characteristics like emotion
dysregulation (affect) and behavioral impulsivity (execution) in-
teract in a feedback cycle that can facilitate a loss of behavioral
control, mirroring addictive processes [1]. The I-PACE model’s
strength lies in its comprehensive, dynamic framework, but as a
relatively new model, its proposed pathways require further em-
pirical validation, particularly in adolescent NSSI populations.

Furthermore, theories from suicide research, namely the
“sensitization hypothesis” and “catharsis effect,” are some-
times applied to NSSI addiction by analogy. The sensitization
hypothesis suggests that individuals with a history of self-inju-
ry become increasingly sensitized to related thoughts and be-
haviors, lowering the threshold for recurrence upon exposure
to triggers [34]. The catharsis effect proposes that if self-injury
provides interpersonal support or emotional release, the result-
ant relief reinforces repetition and intensification, creating a
relapse risk similar to substance addiction [24, 35]. It is im-
portant to note, however, that these concepts have primarily
been supported by research on suicidal behavior; their specific
applicability and validity in explaining NSSI addiction in ado-
lescents remain areas for future investigation [1].

In summary, while each model offers a valuable perspec-
tive - from negative reinforcement and multifaceted functions
to integrated person-environment interactions - they also pos-
sess limitations. The field would benefit from research that
integrates these views to better delineate the precise pathway
from behavioral reinforcement to a clinical addictive state,
while remaining cautious about direct overgeneralizations.

Neurobiological mechanisms of NSSI

Fronto-limbic dysregulation and hypothalamic-pituitary-
adrenal (HPA) axis dysfunction

The model of cognitive control of emotion (MCCE) posits that
the fronto-limbic neural network serves as the key neural cir-
cuitry for emotional cognition and regulation [36]. Within this
system, subcortical limbic structures (such as the amygdala)
generate instinctive emotions, while the PFC is responsible for
higher-order cognitive control. Research indicates that both
acute and chronic stress can significantly impair the structure
and function of the PFC, while simultaneously enhancing amyg-
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dala reactivity, by activating specific neurochemical signaling
pathways [37]. This attenuation of top-down control from the
PFC is a crucial upstream mechanism leading to dysregulation
of the downstream stress response system - the HPA axis.

In individuals with NSSI, HPA axis dysfunction often
manifests as a “low-activity” state. Chronic psychological
stress can drive the HPA axis from an initial compensatory hy-
peractive state towards eventual functional exhaustion, charac-
terized by reduced basal cortisol levels and blunted stress reac-
tivity [38]. This transition from high to low activity is closely
associated with altered glucocorticoid receptor sensitivity,
impaired hippocampal function, and a consequent weakening
of the negative feedback inhibition on the HPA axis [38]. Neu-
roinflammation acts as a critical bridge linking chronic stress
to HPA axis dysregulation. Studies confirm that chronic stress
can activate the NLRP3 inflammasome in microglial cells,
promoting the release of pro-inflammatory cytokines, which
in turn exacerbate HPA axis dysregulation and associated brain
dysfunction [39].

Persistent HPA axis dysregulation exerts multifaceted ad-
verse effects on the brain. Elevated cortisol levels are not only
neurotoxic, directly inhibiting hippocampal neuronal function
[40], but may also impair astrocyte function, leading to decreased
glymphatic system clearance efficiency. This results in the ac-
cumulation of toxic waste products in the brain and alterations
in white matter structure [41]. These cumulative neurobiologi-
cal impairments - including PFC hypoactivity, blunted HPA axis
reactivity, and neuroinflammation - significantly increase an in-
dividual’s vulnerability to stress-related psychological disorders
and conditions associated with immunosuppression [28, 36].

Therefore, the observed phenomena of lower cortisol
levels and poorer HPA axis reactivity and adaptability in ado-
lescent NSSI patients [28, 40] reflect a coherent pathological
progression from neural circuit dysfunction to neuroendocrine
dysregulation. Longitudinal studies confirm that adolescents
exhibiting such neuroendocrine characteristics, when facing
emotional distress and due to an inefficient stress response
system, are more likely to develop NSSI behavior as a mala-
daptive, externalized coping strategy [42].

Pain addiction

1) Pain

Pain is a complex and subjective experience that functions as
an early warning mechanism to help individuals avoid physi-
cal harm [12]. However, NSSI presents a paradox - individuals
actively seek out painful sensations [12]. The key to under-
standing this paradox lies in examining individual character-
istics of pain perception, particularly two core dimensions:
pain threshold and pain tolerance [43]. The former refers to
the minimum stimulus intensity required to elicit a perception
of pain [43], while the latter is the maximum intensity of pain
an individual can endure [43]. A substantial body of empirical
research consistently finds that, compared to healthy individu-
als, those who engage in NSSI show significant alterations in
both dimensions, manifesting as a general reduction in pain

sensitivity. This provides a direct physiological basis for un-
derstanding how self-injurious behavior can be carried out [44].

This altered pain sensitivity is considered one of the core
factors in the onset and maintenance of NSSI behavior [12]. Evi-
dence supporting this view shows that individuals with NSSI
generally exhibit higher pain thresholds and greater pain toler-
ance than the average population [45]. More importantly, this
characteristic of pain sensitivity is not merely a consequence of
the behavior; it may also play a role as a precursor risk mark-
er. A longitudinal study confirmed that a higher baseline pain
threshold effectively predicts more frequent NSSI behaviors in
adolescents 1 year later, establishing a sequential and predictive
relationship between altered pain perception and NSSI [11]. The
blunting of pain perception weakens the body’s natural barrier
against self-harm, a mechanism that also partly explains why re-
duced pain sensitivity is associated with a higher risk of suicide
death [12]. Further in-depth analysis reveals that the alteration in
pain perception among individuals with NSSI follows a specific
pattern: they show reduced responsiveness to sharp, physical
pain stimuli but heightened sensitivity to diffuse, psychosocially
sourced “emotional pain.” This dissociation between physical
and psychological pain perception creates a powerful behavioral
motivation - to generate controllable, perceptible physical pain
as a means of diverting or substituting for unbearable and un-
controllable emotional pain [46].

Why, then, do individuals with NSSI exhibit such charac-
teristic changes in pain regulation? Current theories primarily
offer explanations at the neurochemical and neural circuit levels
[17]. At the neurochemical level, the predominant hypothesis
suggests that NSSI behavior can trigger the release of endog-
enous opioids (such as endorphins), thereby producing analgesic
effects during the act [17]. Recent neurobiological research has
significantly deepened this understanding, clearly identifying
the EOS, particularly the p-opioid receptor, as a molecular hub
integrating pain modulation and negative emotion regulation.
An elegant animal model study, using single-neuron-level circuit
tracing and manipulation techniques, revealed that specific acti-
vation of p-opioid receptors on GABAergic neurons in the cen-
tral amygdala efficiently blocks the transmission of pain signals
via a neural circuit termed the “CEA-PB disinhibition” pathway.
This provides a precise neural circuit mechanism explaining the
endogenous analgesia observed in NSSI [47]. At the neural cir-
cuit level, it is widely believed that brain regions involved in
pain recognition, emotional evaluation, and behavioral control
(such as the anterior cingulate cortex, insula, and PFC) exhibit
functional or structural abnormalities [17]. Dysregulation in
these regions may collectively weaken the protective negative
feedback typically triggered by pain signals, allowing self-injury
to persist despite insufficient physiological warning [17].

2) Addiction

a) The EOS hypothesis and supporting evidence

The EOS, a key neurochemical system involved in pain and
emotion regulation, is recognized as a critical mediator of
emotional regulation in self-injury [36]. This system con-
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sists of endogenous opioid peptides (including endorphins,
enkephalins, dynorphins, and endomorphins) and their re-
ceptors (U, 8, and « receptors), which exert physiological ef-
fects through specific peptide-receptor interactions [36]. Re-
search on patients with NSSI indicates that their elevated pain
threshold and tolerance are closely associated with the release
of endogenous opioid peptides in the cerebrospinal fluid [28].
Specifically, levels of B-endorphin and enkephalin are signifi-
cantly lower in the cerebrospinal fluid of NSSI patients at rest
compared to healthy controls but increase markedly follow-
ing self-injury [28]. This dynamic alteration suggests a causal
relationship between NSSI behavior and the release of endog-
enous opioid peptides, providing experimental support for the
opioid system hypothesis [28, 36].

b) The addiction mechanism: from receptor sensitization to
behavioral tolerance

The opioid system hypothesis elucidates the neurobiologi-
cal mechanism underlying NSSI addiction. It posits that low
resting-state levels of B-endorphin and enkephalin in NSSI pa-
tients lead to compensatory sensitization (receptor hypersen-
sitivity) of p and & receptors [36]. When tissue damage from
self-injury triggers the release of B-endorphin and enkephalin,
these opioids bind to the hypersensitive p and & receptors,
producing intense euphoria and satisfaction [36]. Notably, the
activation of p and & receptors is intrinsically associated with
reward, hedonic properties, and analgesia, a mechanism that
helps alleviate negative affect and enhance pleasurable sensa-
tions [1, 22, 36]. With repeated NSSI acts, opioid tolerance
develops [1, 10], necessitating more severe or frequent self-in-
jury to achieve equivalent emotional regulation, thereby form-
ing a vicious cycle of “tolerance-behavioral escalation” that
ultimately transforms NSSI into an addictive behavior [1, 10].

¢) Involvement of the neural reward circuitry

From a behavioral perspective, addictive behavior is defined as
inappropriate, recurrent pleasurable-yet-harmful actions driven
by irresistible cravings and poorly controlled impulses [9, 22].
Because NSSI provides immediate emotional relief, the behav-
ior becomes reinforced through repetition, forming a typical
reward behavior [9, 22]. Neuroimaging studies indicate that
adolescent N'SSI is closely linked to functional alterations in the
neural reward circuitry [1, 17, 48]. This circuit involves multi-
ple brain regions, including the frontal lobes, ventral tegmental
area (VTA), nucleus accumbens (NAc), striatum, orbitofrontal
cortex (OFC), and cingulate gyrus [1, 17, 48]. Dopamine, serv-
ing as the key reward neurotransmitter, acts through four major
pathways (mesolimbic, mesocortical, nigrostriatal, and tubero-
infundibular pathways) originating primarily from the VTA and
substantia nigra [1, 17, 48]. Importantly, a recent study first
demonstrated enhanced reward-related brain activity (e.g., in the
bilateral putamen) in adolescents with NSSI ideation, indicating
that heightened reward circuit activity, coupled with prefrontal
cortical limitations, increases vulnerability to NSSI [1, 17, 48].

d) Opioid-dopamine system interactions

The EOS plays a critical role in the development and mainte-
nance of addictive behavior [1, 17, 48]. Clinical research shows
that pain stimuli activate not only traditional pain-processing
regions but also EOS-related areas (e.g., thalamus, caudate nu-
cleus, globus pallidus) in adolescents with NSSI compared to
controls [1, 17, 48]. Crucially, pain-triggered opioid receptor
activation within the reward circuit elevates dopamine levels,
generating pleasure and reducing suffering [1, 17, 48]. Pro-
longed pleasure induction leads to dopamine system desensiti-
zation, compelling individuals to repeat or intensify self-injury
to maintain dopamine levels, thus establishing an addictive cy-
cle[1, 17, 48]. Abnormal EOS function causing reward system
hyperactivation sustains recurrent NSSI [1, 17, 48].

e) Psychological reinforcement mechanisms and clinical as-
sessment

Research indicates that adolescents with NSSI exhibit impaired
emotional regulation and increased susceptibility to self-injury-
related stimuli [1, 49]. As long as self-injury immediately re-
duces negative affect, the tendency to engage in this behavior
strengthens during subsequent distress [10]. Regarding psycho-
logical mechanisms, NSSI is maintained primarily through auto-
matic negative reinforcement (e.g., reduction of anger, tension)
and automatic positive reinforcement (e.g., inducing pleasure or
feeling ““alive”), with automatic negative reinforcement being
the most commonly reported function [21].

In summary, the aforementioned psychosocial risk fac-
tors - such as family conflict, childhood trauma, and school
bullying - are not isolated events. Rather, they contribute to
the pathogenesis of NSSI by inducing core neurobiological al-
terations, including prefrontal-limbic system dysregulation, a
hypoactive HPA axis state, and EOS dysfunction. These altera-
tions collectively form the key pathological foundation for the
transition of NSSI from an emotion-regulating behavior to an
addictive pattern.

Neurobiological and Neuroelectrophysiological
Features of NSSI

NSSI involves co-occurring abnormalities in the brain’s emo-
tion, pain, and reward systems. Neuroimaging studies have re-
vealed alterations in brain structure and functional connectiv-
ity underlying these abnormalities, while EEG and ERPs, with
their high temporal resolution, provide dynamic electrophysi-
ological evidence for these dysfunctions.

Impaired emotion regulation: neural basis and electro-
physiological correlates

Emotion dysregulation is considered a core driver of NSSI.
Its neural basis involves a key network where the amygdala
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serves as a central node for emotional responses, and the PFC
(particularly the dorsal anterior cingulate and orbitofrontal
gyri) is responsible for top-down regulation [4, 28, 50]. Stud-
ies have found that adolescents with NSSI commonly exhibit
weakened functional connectivity in the amygdala-prefrontal
pathway, alongside aberrant hyperconnectivity between the
amygdala and the supplementary motor area [36, 50]. This ab-
errant connectivity signifies an imbalance between emotional
impulse and behavioral control. For instance, when viewing
NSSI-related images, patients show reduced amygdala activa-
tion coupled with enhanced activity in the cingulate gyrus and
orbitofrontal gyrus, suggesting disrupted emotion evaluation
and regulation processes [28].

EFs, mediated by the PFC and particularly inhibitory
control, are crucial cognitive components for effective emo-
tion regulation. Significant EFs deficits have been identified
in adolescents with NSSI, with the low-frequency self-injury
group showing impaired inhibitory control and the high-fre-
quency group exhibiting working memory impairments [12,
14, 51]. ERP technology can precisely capture transient ab-
normalities in these cognitive processes. The N2 component (a
negative wave around 200 ms post-stimulus) reflects conflict
monitoring and inhibitory control processes originating from
the anterior cingulate cortex and inferior frontal gyrus. Stud-
ies reveal that the NSSI group exhibits significantly higher
N2 amplitudes compared to healthy controls [12, 14], indicat-
ing the need to mobilize more cognitive resources to inhibit
impulses when processing negative stimuli, which reflects
inefficient inhibitory control. The subsequent P3 component
(a positive wave peaking around 300 ms) is associated with
attention allocation and higher-order cognitive evaluation, re-
flecting inhibitory control processing originating from the an-
terior cingulate and orbitofrontal cortex [13]. Research finds
that the NSSI group demonstrates significantly increased P3
latency and significantly reduced P3 amplitude [12, 14, 51].
These abnormalities in both N2 and P3 collectively demon-
strate deficits in both the early monitoring and late evaluation
stages of emotional stimulus processing in NSSI individuals,
providing robust neuroelectrophysiological evidence for their
emotion regulation difficulties.

Neurofunctional reorganization of pain perception and
processing

NSSI behavior involves self-inflicted pain stimuli, yet patients
often display reduced pain sensitivity. This paradox is under-
pinned by profound changes in the brain’s pain processing path-
ways. Neuroimaging studies suggest that during self-injury, the
insula, which is responsible for the affective component and
subjective perception of pain, shows functional dysregulation.
Concurrently, the dorsolateral PFC (dIPFC) becomes overac-
tivated and, together with abnormal amygdala-prefrontal-tha-
lamic connectivity patterns, creates a “top-down” inhibitory
effect that suppresses insular processing of nociceptive signals
[12, 17]. This mechanism potentially blocks normal pain sig-
nal transmission, thereby disrupting pain processing, increasing
pain tolerance, and reducing pain sensitivity in patients [12, 17].

Evidence from brain structure further supports this func-
tional abnormality. A previous study using voxel-based mor-
phometry (VBM) revealed significant reductions in gray
matter volume (GMV) in the right anterior insula, bilateral sec-
ondary somatosensory cortex, and left inferior frontal gyrus in
patients with NSSI [45]. These brain regions, particularly the
insula and the secondary somatosensory cortex, are core areas
for pain perception and integration. This finding indicates that
structural abnormalities in these key regions may constitute
a neurobiological substrate, altering patients’ perception and
regulation of painful stimuli and thereby predisposing them to
rely on intense stimulation for emotion regulation. However,
it must be emphasized that these structural differences should
be interpreted as a risk factor rather than a deterministic cause.
The eventual manifestation of NSSI behavior likely stems
from a complex interplay between this aberrant pain-emotion
regulation circuitry and other factors involving cognitive con-
trol, emotional processing, and the environment.

Reward circuit dysfunction and addictive reinforcement
of behavior

NSSI behavior exhibits addictive characteristics, maintained
by abnormal responses in the brain’s reward system. Follow-
ing self-injury, patients experience transient emotional relief
through automatic negative reinforcement (rapid alleviation
of negative affect) and positive reinforcement (experience of
pleasure or satisfaction). This powerful reward effect leads to
repetition and habituation of the behavior [12]. Research indi-
cates that the neural reward circuit associated with NSSI shows
altered brain activity and connectivity early in the course of the
behavior among adolescents, and this abnormality may con-
tinuously reinforce self-injurious behavior [12].

ERP studies offer valuable insights into the neurophysi-
ological activity during reward processing. Feedback-related
negativity (FRN), also termed reward positivity (RewP), is an
objective electrophysiological index for assessing the initial
reactivity to reward outcomes, while the P3 component reflects
later attention allocation and motivational salience. Studies
have found that compared to controls, the NSSI group demon-
strates a larger neural differentiation between responses to re-
wards and losses, exhibiting a more positive RewP to rewards
and a more negative RewP to losses [12]. This heightened re-
ward sensitivity suggests that dysfunctional reward processing
is a core neurobiological driver underlying the maintenance
and reinforcement of NSSI behavior.

Therapeutic Interventions for NSSI
Psychotherapy

Dialectical behavior therapy (DBT)

DBT for adolescents is an evidence-based, multicomponent in-
tervention designed to reduce NSSI and suicidal behaviors in
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youth through systematic training in emotion regulation, dis-
tress tolerance, interpersonal effectiveness, and mindfulness
[8]. The treatment follows a structured stage-based model,
initially focusing on behavioral stabilization and elimination
of life-threatening behaviors, then addressing comorbid condi-
tions to improve overall functioning [8] (Table 1).

Linehan et al (2015) confirmed sustained therapeutic ef-
fects up to 12 months post-treatment [52]. Neuroimaging stud-
ies further validate DBT’s mechanisms, showing enhanced
PFC activation and reduced amygdala reactivity on functional
magnetic resonance imaging (fMRI), indicating normalized
emotion regulation circuitry [4, 24].

The intervention employs five core strategies (dialectical,
core, communication, case management, and structural) across
four delivery modalities (individual therapy, skills groups,
phone coaching, therapist consultation teams) [8]. DBT sig-
nificantly improves emotion regulation, enhances social adap-
tation, and reduces treatment dropout rates by more than 50%
compared to conventional approaches [4, 24] (Table 1).

Acceptance and commitment therapy (ACT)

ACT is an innovative cognitive-behavioral intervention that
enhances psychological flexibility through six core processes:
self-acceptance, present-moment awareness, value clarification,
cognitive defusion, committed action, and mindful engagement.
This approach empowers individuals to embrace distressing in-
ternal experiences, reconnect with personal values, disentangle
from negative thoughts and emotions, and cultivate present-
focused living. By teaching patients to accept psychological
discomfort without avoidance, ACT disrupts depressive thought
patterns, reduces self-injury ideation, and improves life quality.
It enables individuals to respond adaptively to negative feel-
ings/thoughts rather than relying on self-harm, thereby fostering
positive behavioral changes, enhancing self-awareness, and ef-
fectively ameliorating NSSI [53, 54] (Table 1).

Physical interventions

Repetitive transcranial magnetic stimulation (rTMS)

rTMS is a noninvasive neuromodulation technique that alters
brain function through electromagnetic induction: pulsed cur-
rents in scalp-positioned coils generate magnetic fields pen-
etrating skull barriers, inducing electrical currents in targeted
cortical regions. This neuronal depolarization modulates corti-
cal excitability, neuroplasticity, and neurotransmitter dynamics
(e.g., dopamine release) [28, 36, 55]. 'TMS reduces adolescent
NSSI by normalizing hypo-/hyper-activated neural circuits
[28], improving neurocognitive markers predictive of self-
injurious behaviors. Its advantages include noninvasiveness,
outpatient applicability, minimal side effects, and significant
reductions in self-injury frequency/severity within 2 weeks
post-treatment. Combined with pharmacotherapy, rTMS dem-
onstrates superior efficacy in lowering NSSI risk without ad-
verse reactions like skin irritation or headaches [56] (Table 1).

Pharmacotherapy

Opioid receptor antagonists naltrexone (NTX) and buprenor-
phine (BUP) have shown potential in the treatment of NSSI
and may be particularly beneficial for patients with strong im-
pulsivity or emotional dysregulation [1]. NTX acts by block-
ing , 9, and x opioid receptors, thereby attenuating the role
of the opioid system in the pain-reward circuit. Studies sug-
gest that low-dose NTX may reduce self-injurious behaviors in
specific NSSI patient populations, but its overall efficacy still
requires confirmation through more large-scale studies [1].
Clinically, it is important to note that NTX may cause adverse
effects such as nausea and headache and may precipitate with-
drawal symptoms in opioid-dependent individuals; therefore,
a thorough assessment is necessary before initiating treatment
[57]. BUP, as a partial p-opioid receptor agonist and k-opioid
receptor antagonist, has demonstrated certain tolerability and
safety in low-dose regimens for improving comorbid anxiety,
depression, and self-injurious behaviors [2]. A preliminary
controlled trial confirmed that ultra-low-dose sublingual BUP
may help reduce suicidal ideation, but its role in the treatment
of primary NSSI is not yet fully established [58]. It is crucial
to be aware that the combination of BUP and benzodiazepines
carries a risk of synergistic respiratory depression and should
be strictly avoided in clinical practice [59] (Table 1).

Lithium is considered to potentially have a specific “anti-
suicidal effect” in NSSI patients comorbid with bipolar disorder,
and its mechanism may be partially mediated by the EOS [1].
However, it must be strongly emphasized that the use of lithium
in adolescent NSSI patients requires extreme caution and should
be strictly limited to specific circumstances. Lithium is by no
means a first-line or conventional medication for NSSI; its use
should be restricted to complex cases comorbid with bipolar dis-
order where other interventions have been ineffective. Evidence
from large systematic reviews indicates that lithium has a clear
preventive effect on suicidal behavior in patients with mood
disorders [60]. This is primarily due to its narrow therapeutic
window (effective concentration 0.4 - 0.8 mmol/L, with toxicity
occurring at > 1.2 mmol/L) and significant safety risks, includ-
ing renal impairment, hypothyroidism, tremor, cognitive slow-
ing, and weight gain [61]. Clinical guidelines (such as NICE)
mandate that before initiating lithium therapy in adolescents, a
comprehensive physical assessment (including renal function,
thyroid function, and electrocardiogram) must be conducted.
During treatment, strict monitoring of serum lithium levels,
regular renal and thyroid function tests are essential, and it is
imperative to ensure that patients and their guardians provide
fully informed consent after understanding the potential risks
and therapeutic benefits [62]. Recommending lithium for ado-
lescent N'SSI patients without a clear diagnosis of bipolar disor-
der is inappropriate (Table 1).

Atypical antipsychotics such as aripiprazole and ziprasi-
done have shown moderate efficacy in reducing self-injurious
behaviors in some cases and may be suitable for NSSI patients
with psychotic symptoms, severe agitation, or borderline per-
sonality traits [63]. Aripiprazole stabilizes the dopamine-sero-
tonin system by partially agonizing D2, D3, D4, and 5-HT1A
receptors while antagonizing 5-HT2A receptors. Ziprasidone
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has similar D2/5-HT2A receptor antagonism and carries a rela-
tively lower risk of weight gain; its additional norepinephrine
and serotonin reuptake inhibition may provide benefits for
anxiety and mild depression [2]. It is important to note that
atypical antipsychotics are associated with significant risks
of metabolic abnormalities, including weight gain, and dis-
turbances in glucose and lipid metabolism. Strict monitoring
is necessary during long-term use in children and adolescents
[64] (Table 1).

Antidepressants such as fluoxetine and venlafaxine have
also been reported to reduce self-injurious behaviors in NSSI
patients comorbid with depressive disorders [63]. Fluoxetine,
a widely used selective serotonin reuptake inhibitor (SSRI),
generally has relatively good tolerability due to its low affin-
ity for adrenergic, histaminergic, and cholinergic receptors.
Venlafaxine, a serotonin-norepinephrine reuptake inhibitor
(SNRI), may offer unique advantages in treating patients with
comorbid depression and significant somatic pain symptoms
[2]. It is crucial to emphasize that SSRIs/SNRIs carry a black
box warning for use in children and adolescents, particular-
ly during the initial treatment phase, due to the potential in-
creased risk of anxiety, agitation, and even suicidal ideation.
Therefore, the starting dose should be low, and close clinical
monitoring is required [65] (Table 1).

Neurofeedback combined with sertraline has been investi-
gated as a treatment approach for NSSI [66]. Sertraline, an SSRI
antidepressant, often has limited efficacy as monotherapy for
the core symptoms of NSSI, with low remission rates. Neuro-
feedback technology aims to enhance cognitive control func-
tion and alleviate depressive symptoms, potentially producing
synergistic effects when combined with sertraline. Some studies
have explored the combination of sertraline with low-dose olan-
zapine [67, 68]. Olanzapine exerts mood-stabilizing effects by
antagonizing various receptors including 5-HT2A, D1, D2, and
DA4. Current evidence suggests that combination therapy may
produce synergistic receptor blockade effects, potentially im-
proving treatment outcomes in some refractory NSSI patients.
However, this combination strategy, particularly when involv-
ing olanzapine, significantly increases the risk of metabolic side
effects (such as weight gain, abnormalities in blood glucose and
lipids) and must be used cautiously with careful monitoring after
weighing the risks and benefits [64] (Table 1).

Conclusions

This review systematically explores the neurobiological
mechanisms of “pain addiction” and the associated electroen-
cephalographic characteristics in NSSI. Through an integra-
tive analysis of existing evidence, we derive the following core
conclusions: the persistence of NSSI behavior hinges critically
on the development of an addiction-like pattern [1, 10]. The
core neurochemical basis of this process is dysfunction of the
EOS. Research indicates that individuals with NSSI have low
resting-state levels of B-endorphin and enkephalin, leading to
compensatory sensitization of p- and d-opioid receptors. The
release of endogenous opioids triggered by self-injury binds to
these sensitized receptors, producing intense euphoria and sat-

isfaction, thereby driving behavioral repetition through posi-
tive reinforcement mechanisms [11, 28, 36]. With repeated
behavior, opioid tolerance develops, compelling individuals to
seek equivalent emotion-regulating effects through more fre-
quent or severe self-injury, ultimately forming a vicious cycle
of “tolerance-behavioral escalation” that transforms NSSI into
a difficult-to-control addictive behavior [1, 10].

At the neural circuit level, this addictive pattern is sup-
ported by abnormal activity in the reward system and emo-
tion regulation network. Painful stimuli not only activate
traditional pain-processing brain regions but, more crucially,
activate areas related to the opioid system and reward (e.g.,
thalamus, caudate nucleus). Through opioid-dopamine system
interactions, this increases dopamine levels in areas such as
the nucleus accumbens, generating pleasure and reducing suf-
fering [1, 17, 48]. Simultaneously, functional dysregulation of
the prefrontal-limbic system (e.g., insufficient prefrontal regu-
lation and amygdala over-reactivity), leading to emotion dys-
regulation, is a key prerequisite prompting individuals to rely
on this extreme method for rapid relief from negative emotions
[5, 28, 36].

EEG and ERP studies provide high temporal resolution
electrophysiological evidence for this. Individuals with NSSI
show increased N2 amplitude and reduced P3 amplitude/pro-
longed P3 latency when processing negative stimuli [12, 14].
These features indicate efficiency deficits in both early conflict
monitoring and inhibitory control (N2) and later-stage higher-
order cognitive evaluation and attentional allocation (P3) [13,
14]. Furthermore, during reward processing, they demonstrate
greater neural differentiation between responses to rewards
and losses (e.g., RewP), revealing abnormal reward sensitiv-
ity [12]. These EEG/ERP characteristics collectively consti-
tute dynamic biomarkers of cognitive-affective dysfunction in
NSSI, providing objective neuroelectrophysiological evidence
for its impulsivity, emotion dysregulation, and addictive prop-
erties.

Based on the aforementioned mechanisms, targeted inter-
ventions show promising potential. These include enhancing
prefrontal regulatory function through DBT [8, 12], blocking
the addictive circuit using opioid receptor antagonists (e.g.,
NTX) [1, 57], and modulating abnormal neural activity using
rTMS [28].

In summary, NSSI can be conceptualized as an addictive
behavioral disorder driven by the complex interplay of the
EOS, the dopaminergic reward circuit, and the prefrontal-lim-
bic emotion regulation circuitry. The neurochemical model of
“pain addiction”, combined with specific EEG/ERP features,
provides a powerful integrative framework for understanding
its intractability and relapse tendency. Future research should
focus on longitudinally tracking the evolution of these neuro-
biological markers and exploring precision intervention strat-
egies targeting these mechanisms, with the ultimate goal of
improving clinical outcomes for individuals with NSSI.
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