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Introduction

Nonsuicidal self-injury (NSSI) refers to a series of direct, delib-
erate, and repetitive acts of harm to oneself that are done with-
out suicidal intent and do not result in death. Adolescents and 
young adults are particularly susceptible to NSSI behaviour. A 
multicentre clinical epidemiological study from China found a 
14.3% prevalence of NSSI behaviour among adolescents aged 

10–19 years.1 Other studies involving nonclinical samples 
found a pooled prevalence of NSSI behaviour of 17.2% among 
adolescents, 13.4% among young adults, and 5.5% among 
adults.2,3 A combination of biological, psychological, and social 
factors contribute to NSSI, with impulsivity being a critical, 
often underestimated determinant of NSSI behaviours.4 Indi-
viduals engaging in NSSI often describe the onset of such 
behaviour as driven by uncontrollable impulses.5
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Background: Nonsuicidal self-injury (NSSI) is posited to arise from a complex interaction of biopsychosocial factors, with impulsivity 
playing a critical role. Given that current research on the neural mechanisms underlying this hypothesis remains inconsistent and limited 
in scope, we sought to explore how NSSI behaviours are associated with impulsivity resulting from structural brain alterations. Methods: 
We recruited patients with NSSI behaviours and healthy controls from 11 psychiatric hospitals. We assessed the differences in impulse 
control between the 2 groups using the Barratt Impulsiveness Scale version 11 and the Attention Network Test. We also conducted 
T1-weighted magnetic resonance imaging (MRI) and diffusion tensor imaging. Finally, we analyzed the associations among brain struc-
ture, psychological characteristics, and self-injurious behaviour among patients with NSSI. Results: We included 293 patients with NSSI 
behaviours and 140 healthy controls. Among them, 182 patients with NSSI and 95 controls underwent the T1-weighted MRI and diffusion 
tensor imaging. Patients with NSSI showed increased impulsivity and alerting function, with the strongest correlation between NSSI fre-
quency and motor impulsivity. Compared with controls, patients with NSSI exhibited decreased grey matter volume and increased white 
matter volume, with no significant difference in cortical thickness. Pathway analysis demonstrated that motor impulsivity significantly 
mediated the association between white matter volume and the NSSI frequency in the right superior frontal gyrus and right inferior pari-
etal lobe. When examining the connecting fibre tracts in the right frontoparietal area, patients with NSSI showed decreased integrity of 
white matter microstructure in the right cingulum, right superior corona radiata, and the splenium of the corpus callosum. Limitations: 
Accurately measuring executive control linked to NSSI is challenging in cognitive behavioural tasks, as impulsive tendencies during 
NSSI occurrence are not effectively captured. Conclusion: Our findings suggested that motor impulsivity, a prominent psychopatho
logical characteristic of NSSI, is primarily modulated by the frontoparietal regions. These results provide empirical neuroimaging evi-
dence for the impaired impulse control observed in NSSI.
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Impulsivity is a multidimensional construct, with varied 
conceptualizations across different fields.6 Barratt and col-
leagues7 proposed 3 dimensions of impulsivity based on 
personality traits, namely attentional impulsivity (difficulty 
concentrating and cognitive instability), motor impulsivity 
(motor activity and lack of perseverance), and nonplanning 
impulsivity (lack of self-control and cognitive complexity). 
Studies have shown that people with NSSI behaviours ex-
hibit higher levels of nonplanning and motor impulsivity 
on the Barratt Impulsiveness Scale version 11 (BIS-11),8 and 
a meta-analysis suggested greater self-reported impulsivity 
among those with NSSI.9 A prospective study further found 
that self-reported impulsivity was a substantial predictor of 
self-injurious behaviours.10 Although the association be-
tween impulsivity and NSSI has been established, most 
studies rely on self-report scales. In contrast, task-based 
measures have recently been proposed as alternative meth-
ods for evaluating impulsivity.11 For example, a nonverbal 
Stroop task study identified target control deficits among 
patients with NSSI.12 However, in NSSI studies, the assess-
ment of impulse control has been inconsistent between self-
reports and task-based measures, which may stem from 
differing conceptualizations of impulsivity, as well as varia-
tions in the cortical and subcortical structures involved.13,14 
Therefore, combining these 2 types of measures may better 
reveal the neural mechanisms underlying the diverse im-
pulsivity traits in NSSI.

Currently, the neural mechanisms underlying impulse 
control among patients with NSSI remain unclear. Dahlgren 
and colleagues15 found that, compared with healthy controls, 
patients with NSSI exhibited increased activation in the cin-
gulate cortex and decreased activation in the dorsolateral 
prefrontal cortex during a multiple-source interference task. 
However, this study was limited by its small sample size.15 
In contrast, structural brain abnormalities have rarely been 
identified in relation to impulsivity in NSSI behaviours. Evi-
dence suggests that different dimensions of impulsive traits 
are associated with distinct corticostriatal neural circuits.16,17 
In the field of cognitive neuroscience, impulsivity is primar-
ily viewed as a manifestation of impaired executive control, 
involving both structural and functional abnormalities in 
multiple cortical and subcortical brain regions.18 The pre-
frontal cortex, inferior frontal gyrus, supplementary motor 
area, anterior cingulate gyrus, and subcortical basal ganglia 
collectively contribute to the processes of impulsive detec-
tion, projection, correction, and stopping.19,20 Additionally, 
weak connectivity within the frontoparietal network (FPN) 
has been linked to impairments in error detection, contribut-
ing to impulsive behaviour.21

Therefore, we hypothesized that different dimensions of 
impulsivity, characterized by NSSI behaviours, would be re-
flected in structural alterations in different brain regions. To 
acquire a holistic picture of brain–behavioural relationships 
among people with NSSI, we sought to examine how NSSI 
behaviours are associated with impulsivity resulting from 
structural brain alterations among patients with NSSI and to 
explore the key factors influencing NSSI, as well as its neuro-
structural basis.

Methods

Participants

We recruited patients with NSSI and healthy controls aged 
10–45 years from 11 different hospitals across China. At 
least 1 professional psychiatrist evaluated patients using 
the diagnostic criteria for NSSI outlined in the Diagnostic 
and Statistical Manual of Mental Disorders, Fifth Edition 
(DSM-5).22 We included patients who, in the last year, on 5 
or more days, had engaged in intentional self-inflicted 
damage to the surface of their body such that it was likely 
to induce bleeding, bruising, or pain, with the expectation 
that the injury would lead to only minor or moderate phys-
ical harm (i.e., no suicidal intent). We excluded patients 
with neurologic or severe somatic disorders, those who 
were pregnant or breastfeeding, and those who were not 
right-handed. We excluded controls with neurologic, 
psychiatric, or severe somatic disorders, those with a 
psychiatric family history, those who had taken psycho
tropic drugs within 3 months, those who were pregnant or 
breastfeeding, and those who were not right-handed. We 
informed all participants about the study in detail. Partici-
pants or a legal guardian (for those younger than 18 yr) 
signed informed consent forms. 

Standardized psychometric assessments

For the NSSI group, we used the Ottawa Self-injury In-
ventory (OSI) to assess the frequency, severity, and time 
interval between thinking about and performing an NSSI, 
as well as the power to stop self-injury behaviours.23 We 
also used the Hamilton Depression Scale (HAMD24), the 
Mood Disorders Questionnaire (MDQ)24, and the Border-
line Symptom List (BSL-23)25 to assess the severity of de-
pressive, manic, and borderline symptoms. All partici-
pants completed the Barratt Impulsiveness Scale version 
11 (BIS-11) to measure 3 dimensions of impulsivity.7 We 
converted all subscale scores to a scale of 0–100 using the 
formula [(x – 10)/40] × 100.

We assessed participants’ cognitive control by completing 
the Attention Network Task (ANT).26 This cognitive para-
digm combines a cued-target task and a Flanker task to 
evaluate the functions of alerting, orienting, and executive 
control by measuring the response time of participants under 
different target cue stimuli (Figure 1). Alerting efficiency was 
the response time to no cue minus the response time to a 
double cue. Orienting efficiency was calculated as the central 
cue response time minus the spatial cue response time. Exec-
utive control efficiency was the response time to an incongru-
ent conditional target stimulus RT minus that to a congruent 
conditional target stimulus. The experimental program was 
implemented and presented using E-Prime 3.0 on a Windows 
10 64-bit processor.

We excluded data with single-trial response times that 
exceeded 3 standard deviations from the mean for each par-
ticipant. We also excluded participants with a no-response 
rate greater than 10% or accuracy less than 30%. 
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Magnetic resonance imaging

Six hospitals participated in MRI data collection. We acquired 
structural brain images using the 3.0 T resting-state MRI scan-
ner (Siemens 3.0 T Magnetom Verio, Medical Solutions). For 
the 3-dimensional T1-weighted sequence, we used a repetition 
time of 1900 ms, echo time of 2.48 ms, matrix of 256 × 256, flip 
angle of 9°, slice thickness of 1.0 mm, slice gap of 0.5 mm, and 
176 sagittal slices. For diffusion tensor imaging, the diffusion 
sensitizing gradients involved the baseline image with no dif-
fusion weighting (b = 0 s/mm2) along with diffusion-weighted 
images (b = 1000 s/mm2) along 30 nonlinear directions, with a 
repetition time of 6600 ms, echo time of 93 ms, field of 
view of 256 × 256 mm, matrix of 128 × 128, flip angle of 90°, 
slice thickness of 3.0 mm, slice gap of 0 mm, and 70 axial slices.

We instructed each participant to remain motionless with 
their eyes closed during the MRI, as well as to use foam pads 
and earplugs to reduce head movement and noise.

Image processing

We converted DICOM files to NIFTI format using MRIcron. 
We preprocessed all the T1-weighted images in MATLAB 2016b 
using the Computational Anatomy Toolbox (CAT12; https://
neuro-jena.github.io/cat12-help/) available in SPM12 (https://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). Next, we cor-
rected bias-field inhomogeneities on T1-weighted images before 
segmentation, which included normalization to a template 
space and segmentation into grey matter, white matter, and 
cerebrospinal fluid. We then estimated the central surface and 
cortical thickness by projection-based distance measurements. 
Finally, we smoothed the grey matter and white matter images 
with an 8-mm full width at half maximum Gaussian kernel, and 
resampled and smoothed surface-based cortical thickness data 
with a 12-mm Gaussian kernel.

We conducted quality checks of all segmented image data. 
In addition, we quantified grey matter volume and white 
matter volume in 90 regions based on the Anatomic Auto-
matic Labelling atlas,27 and quantified cortical thickness in 
72  regions based on the Desikan–Killiany 40 atlas.28 We ex-
cluded samples with regional volumes exceeding 5 standard 
deviations from the group-level average from the analysis.29

We performed 2-sample t tests using SPM12 to compare 
the 3 morphometric measures (grey matter volume, white 
matter volume, cortical thickness) between the 2 distinct 
groups. Age, sex, educational level, hospitals, and total intra-
cranial volume were included as covariates (cortical thick-
ness comparison excluded total intracranial volume). For 
between-group differences, we applied a false discovery rate 
(FDR) correction with a threshold set at pFDR less than 0.05 and 
a voxel threshold of 30 or higher.

We considered the brain regions with statistically significant 
differences in the 3 morphometric structures described above as 
regions of interest (ROIs) for further discussion of the brain 
function. The spherical ROIs were plotted with the peak of each 
cluster as a centre and a radius of 6 mm. Finally, we performed 
the same covariate regression to all extracted ROI values using 
the ComBat Harmonization algorithm (ComBatHarmonization/
Matlab at master · Jfortin1/ComBatHarmonization · GitHub) to 
harmonize for confounders.

Diffusion tensor imaging analysis

We processed all diffusion tensor imaging data using the 
Functional Magnetic Resonance Imaging of the Brain (FMRIB) 
Software Library (FSL) (https://fsl.fmrib.ox.ac.uk/). First, we 
corrected the NIFTI images for head motion and eddy cur-
rents, removed non-brain tissues, and obtained the brain tem-
plate. Next, we performed tensor calculation using the DTIFit 
function in FSL to acquire fractional anisotropy images for 

Figure 1: Schematic diagram of the Attention Network Test. The functions of alerting, orienting, and executive control are evaluated by meas
uring the response time (RT) of participants under different target cue stimuli of no cues (+), centre, spatial, or double cues (*), and target 
arrows shown in either congruent (all oriented in the same direction) or incongruent (mix of directions) sequences. DI = decision stage 1. 
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each participant, which we then registered to the Johns 
Hopkins University atlas. Finally, we extracted specific 
white matter fibre ROIs from the atlas and computed the 
mean fractional anisotropy, mean diffusivity, and radial dif-
fusivity values for each fibre tract. We conducted an analy-
sis of variance (ANOVA) to compare the fibre bundle val-
ues between the 2 groups, with age, sex, education, and 
hospital as covariates.

Statistical analysis

We analyzed the demographic and clinical data using IBM SPSS 
Statistics 27. We applied a 2-sample t test to compare age in the 
2 groups and χ2 tests to compare sex and education. To com-
pare the scale and ANT data between the 2 groups, we used 
either the 2-sample t test or the Mann–Whitney U test in accord
ance with the normality of the data. We explored associations 
between the scale, ANT, and imaging data using Pearson or 
Spearman correlation analysis. We conducted parallel media-
tion analysis to examine the relationship between different im-
pulsivity dimensions, ROIs, and NSSI frequency based on 
5000 bootstrap samples using Amos26 (https://www.ibm.
com/products/structural-equation-modeling-sem). The sig-
nificance level was set at p value less than 0.05.

Ethics approval

This study protocol was reviewed and approved by the Ethics 
Committee of The Affiliated Brain Hospital of Nanjing Med
ical University (no. 2019-KY043–01).

Results

Demographics and clinical features

We recruited 293 patients with NSSI and 140 healthy controls. 
We excluded 43 participants in the NSSI group (25 with non-
responses > 10% and 18 with accuracy < 30%) and 47 partici-
pants in the control group (36 with nonresponses > 10% and 
11 with accuracy < 30%) because of invalid data. There were 
no significant group differences in age (t = –1.632, p = 0.1), sex 
(χ2 = 2.751, p = 0.1), or education (χ2 = 4.185, p = 0.1). The pri-
mary diagnoses of patients with NSSI included depressive 
disorder (58.7%), bipolar disorder (18.8%), and borderline per-
sonality disorder (18.8%) (Appendix 1, Table 1, available at 
www.jpn.ca/lookup/doi/10.1503/jpn.240129/tab-related​
-content). The OSI revealed that 54.3% of patients had engaged 
in NSSI monthly or more often over the past year; 53.6% of pa-
tients progressed from thinking about self-injury to commit-
ting the act within minutes, while only 11.9% believed they 
had a strong motivation to stop self-injury (Table 1).

Impulse assessment

The NSSI group had significantly higher mean total scores on 
the BIS-11 than the control group (t = 12.940, p < 0.001), with 
notably higher scores in the subdimensions of nonplanning 
impulsivity (t  =  11.697, p  <  0.001), motor impulsivity 

(t = 11.734, p < 0.001), and attentional impulsivity (t = 7.762, 
p < 0.001). Compared with the control group, the NSSI group 
had higher mean response times across cues in the ANT task. 

Table 1: Features of self-injury behaviour among patients 
with nonsuicidal self-injury (NSSI)

Measure
No. (%) of patients with NSSI* 

n = 293

OSI

   NSSI frequency in the past month

      Not at all 53 (18.1)

      At least once 120 (41.1)

      Weekly 78 (26.6)

      Daily 42 (14.3)

   NSSI frequency in the past 6 months

      Not at all 0 (0.0)

      1–5 times 129 (44.0)

      Monthly 66 (22.5)

      Weekly 75 (25.6)

      Daily 23 (7.8)

   NSSI frequency in the past year

      Not at all 0 (0.0)

      1–5 times 134 (45.7)

      Monthly 84 (28.7)

      Weekly 54 (18.4)

      Daily 21 (7.2)

   Time to perform NSSI

      A few seconds 49 (16.7)

      A few minutes 108 (36.9)

      Less than half hour 90 (30.7)

      Half to 1 hour 20 (6.8)

      Less than 1 day 16 (5.5)

      More than 1 day 10 (3.4)

   Power to control NSSI occurrence

      Not at all 49 (16.7)

      A little 108 (36.9)

      Somewhat 101 (34.5)

      Greatly 27 (9.2)

      Extremely 8 (2.7)

HAMD24, mean ± SD 33.87 ± 12.75

MDQ, mean ± SD 4.20 ± 2.32

BSL-23, mean ± SD 2.36 ± 0.92

Psychiatric diagnoses†

   Depressive disorder 172 (58.7)

   Bipolar disorder 55 (18.8)

   Borderline personality disorder 55 (18.8)

   Anxiety disorder 10 (3.4)

   Obsessive–compulsive disorder 5 (1.7)

   Posttraumatic stress disorder 2 (0.7)

   Schizoaffective disorder 2 (0.7)

   Adolescent mood disorders 2 (0.7)

   Pathological gambling 2 (0.7)

   Not meeting diagnostic criteria 10 (3.4)

BSL = Borderline Symptoms List; HAMD = Hamilton Depression Scale; MDQ = Mood 
Disorders Questionnaire; OSI = Ottawa Self-injury Inventory; SD = standard deviation.
*Unless indicated otherwise.
†Each NSSI participant could have several diagnoses.
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Regardless of group, response times were longer when target 
stimuli were incongruent rather than congruent. For cue 
type, reaction times were shortest for the double-cue condi-
tion and longest for the no-cue condition. The NSSI group ex-
hibited greater efficiency in alerting function (t  =  –2.616, 
p = 0.009), but no significant differences were observed be-
tween the 2 groups in orienting function (t = –0.540, p = 0.6) 
and executive control (t = –1.727, p = 0.08) function (Table 2).

Correlation between impulse control and NSSI symptoms

The frequency of self-injury among patients with NSSI correl
ated positively with their BIS-11 scores. Among the 3 BIS-11 
subdimensions, motor impulsivity exhibited the strongest 
correlation with the NSSI frequency over the past month 
(r = 0.203, p < 0.001) (Figure 2).

Correlation between brain structure alterations and  
impulsive assessment

After quality control, we included imaging data from 182 pa-
tients with NSSI and 95 controls for further analysis. There 
were no statistical differences in age (t = –1.311, p = 0.2), sex 
(χ2 = 1.202, p = 0.3), or education (χ2 = 9.927, p = 0.007) be-
tween the NSSI and control groups. Compared with the con-
trol group, the NSSI group showed significantly lower grey 
matter volume in the left superior frontal gyrus (SFG) medial 
division, left supplementary motor area, right middle frontal 
gyrus, bilateral precentral gyrus, bilateral putamen, and right 

pallidum (Figure 3A and Appendix 1, Table 2). After extract-
ing statistically different brain regions as ROIs, we found no 
correlation between alterations in grey matter volume among 
patients with NSSI and impulsivity dimensions. Patients 
with NSSI exhibited greater white matter volume in regions 
of the frontal, parietal, and temporal lobes, as well as hippo-
campus (Figure 3B and Appendix 1, Table 3). Of these, 11 re-
gions demonstrated associations between higher BIS-11 
scores, alerting function efficiency, and white matter volume, 
including the bilateral dorsolateral superior frontal gyrus, 
opercular part of inferior frontal gyrus, bilateral inferior pari-
etal lobe (IPL), bilateral supramarginal gyrus, right hippo-
campus and parahippocampal gyrus, and bilateral inferior 
temporal gyrus. The strongest negative correlation was ob-
served between the right supramarginal gyrus and nonplan-
ning impulsivity (r = –0.215, p = 0.003), while the only posi-
tive correlation occurred between the right IPL and motor 
impulsivity (r = 0.168, p = 0.02) (Figure 3C). The correlation 
was no longer significant after Bonferroni correction. In the 
surface-based morphometry analysis, there was no signifi-
cant difference in cortical thickness between the 2 groups af-
ter FDR correction. When we reincorporated the HAMD 
scores, MDQ scores, and BSL-23 scores of patients with 
NSSI into the ComBat Harmonization model, the results in-
dicated that, after reharmonization, the ROIs for grey mat-
ter volume remained uncorrelated with impulsivity scores 
and alerting efficiency. Regarding white matter volume, the 
correlation between the left dorsolateral SFG and atten-
tional impulsivity disappeared. Moreover, there were no 

Table 2: Impulse control differences between patients with nonsuicidal self-injury (NSSI) and controls

Measure
Patients with NSSI 

n = 293
Controls 
n = 140 t or z p value

BIS-11, mean ± SD

   Nonplanning impulsivity 58.51 ± 18.36 37.09 ± 16.65 11.697 < 0.001

   Motor impulsivity 52.06 ± 19.33 30.21 ± 15.28 11.734 < 0.001

   Attentional impulsivity 48.66 ± 16.98 35.46 ± 15.59 7.762 < 0.001

   Total score 53.08 ± 14.67 34.26 ± 13.00 12.940 < 0.001

ANT,* median (IQR)

   No cue correct rate 1.00 (0.91 to 1.00) 1.00 (0.80 to 1.00) –0.192 0.8

   No cue reaction time 641.54 (558.52 to 773.52) 591.25 (543.82 to 679.32) –3.153 0.002

   Double cue correct rate 1.00 (0.89 to 1.00) 1.00 (0.73 to 1.00) –0.342 0.7

   Double cue reaction time 597.85 (522.62 to 726.29) 563.92 (521.32 to 638.83) –2.017 0.04

   Centre cue correct rate 1.00 (0.85 to 1.00) 1.00 (0.79 to 1.00) –0.081 0.9

   Centre cue reaction time 623.41 (532.23 to 729.67) 566.79 (526.45 to 648.78) –2.610 0.009

   Spatial cue correct rate 0.50 (0.42 to 0.58) 0.50 (0.42 to 0.58) –1.286 0.2

   Spatial cue reaction time 606.38 (514.25 to 729.90) 562.21 (499.25 to 620.08) –2.913 0.004

   Consistency cue correct rate 0.85 (0.79 to 0.89) 0.86 (0.80 to 0.91) –0.898 0.4

   Consistency cue reaction time 598.73 (509.60 to 687.96) 535.07 (488.23 to 604.03) –3.432 < 0.001

   Inconsistency cue correct rate 0.83 (0.74 to 0.89) 0.84 (0.61 to 0.90) –0.141 0.9

   Inconsistency cue reaction time 652.32 (565.36 to 786.69) 616.47 (570.55 to 669.21) –2.232 0.03

   Alerting 37.89 (–8.25 to 86.80) 16.92 (–23.91 to 55.51) –2.616 0.009

   Orienting 12.71 (–25.51 to 51.67) 17.21 (–19.53 to 46.81) –0.540 0.6

   Executive control 60.13 (28.70 to 97.24) 68.59 (49.24 to 101.16) –1.727 0.08

ANT = Attention Network Test; BIS = Barratt Impulsiveness Scale; IQR = interquartile range; SD = standard deviation.
*Inlcudes 250 patients with NSSI and 93 controls.
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significant changes in the brain regions previously correl
ated with different dimensions of impulsivity, with the 
only positive correlation still in the right IPL (r  =  0.169, 
p = 0.02) (Appendix 1, Figure 1).

Motor impulsivity as a mediator of the brain  
and NSSI behaviour

The mediation model indicated that motor impulsivity medi-
ated the association between the frequency of NSSI behav-
iours and white matter volume in the right dorsolateral SFG 
and IPL. Among patients with NSSI, white matter volume in 
the right IPL positively mediated the effect on NSSI frequency 
through motor impulsivity (β = 1.552, 95% confidence interval 
[CI] 0.029 to 5.171). In contrast, white matter volume in the 
right dorsolateral SFG exerted a significant negative indirect 
effect on NSSI frequency through motor impulsivity 
(β = –1.753, 95% CI –5.728 to –0.060) (Figure 4). Furthermore, 
grey matter volume in the left medial SFG (β = 1.372, 95% CI 
0.119 to 2.900), right precentral gyrus (β = 4.349, 95% CI 1.274 
to 8.131), and bilateral rectus gyrus (left: β = 3.037, 95% CI 
0.268 to 6.545; right: β = 2.400, 95% CI 0.335 to 5.023) had a di-
rect positive effect on the NSSI frequency. Meanwhile, white 
matter volume in the left dorsolateral SFG (β = –3.627, 95% CI 

–7.951 to –0.333), and left precentral gyrus (β = –4.222, 95% CI 
–9.547 to –0.363) had a direct negative effect on the frequency 
of NSSI behaviours. Furthermore, after incorporating HAMD, 
MDQ, and BSL-23 scores for harmonization of these ROIs, 
these direct and indirect effects remained consistent.

White matter microstructural changes among patients  
with NSSI

Based on our findings, we selected white matter fibre tracts 
connecting the right frontal lobes and parietal lobe as ROIs. 
These included the corpus callosum, corona radiata, right su-
perior longitudinal fasciculus, right superior frontal–occipital 
fasciculus, and right cingulum bundle. Covariance analysis 
showed that, compared with controls, patients with NSSI ex-
hibited significantly lower fractional anisotropy values in the 
right cingulum bundle (F = 2.585, p = 0.03). They also showed 
higher mean diffusivity values in the splenium of the corpus 
callosum (F = 3.121, p = 0.01) and the right superior corona 
radiata (F = 2.566, p = 0.03). We also observed higher radial 
diffusivity values in the splenium of the corpus callosum 
(F = 2.549, p = 0.03), the right cingulum bundle (F = 2.363, 
p  =  0.04), and the right superior corona radiata (F  =  2.774, 
p = 0.02) compared with controls (Figure 5).

Figure 2: Correlation analysis between frequency of nonsuicidal self-injury (NSSI) and dimensions of impulse control, including NSSI fre-
quency over the past month and (A) motor impulsivity (r = 0.203, p < 0.001), (B) attentional impulsivity (r = 0.128, p = 0.03), and (C) total score 
on the Barratt Impulsiveness Scale (BIS) version 11 (r = 0.187, p = 0.001), as well as NSSI frequency over the past 6 months and (D) motor 
impulsivity (r = 0.193, p = 0.001), (E) attentional impulsivity (r = 0.135, p = 0.02), and (F) total BIS-11 scores (r = 0.172, p = 0.002).
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Discussion

In this study, we used the ANT and BIS-11 to assess impul-
sivity across multiple dimensions, aiming to illustrate the re-
lationship between structure abnormalities in specific brain 
regions, impulse control deficits, and NSSI behaviours 
through a mediation model. We discovered that motor im-
pulsivity significantly mediated the relationship between the 
right-sided IPL, dorsolateral SFG, and NSSI behaviour. Fur-
thermore, among patients with NSSI, we observed a reduc-
tion in microstructural integrity of white matter fibre bundles 
connecting the frontal and parietal lobes. These findings sug-
gest that structural abnormalities in white matter of the right 
IPL and dorsolateral SFG are involved in modulating NSSI 
behaviour and impulsivity enhancement.

Current research has demonstrated that self-reported impul-
sivity, particularly the subtraits of motor impulsivity, plays an 
important role in the development of NSSI. Previous studies 
suggested that correlation coefficients between motor impul-
sivity and cognitive control were higher than those for the 
other 2 BIS dimensions.30 These aspects of the BIS-11 may be 
dissociable because they focus on different cognitive pro-
cesses.31 The BIS-11 assessment of motor impulsivity centres 
on quantifying impulsive behaviour, which is closely related 
to response inhibition, aligning with the uncontrollable impul-
siveness often reported by patients with NSSI.32,33 Conversely, 
attentional impulsivity is associated with an inefficient conflict 
detection system, which is less stable than other subtraits.7

In ANT, we found that the efficiency of the alerting function 
was better among patients with NSSI than healthy controls. 

Figure 3: (A) Compared with healthy controls, patients with nonsuicidal self-injury (NSSI) showed lower grey matter volume (GMV) in the bilateral 
putamen (PUT), right pallidum (PAL), right middle frontal gyrus (MFG), left superior frontal gyrus (SFG) medial division, left supplementary motor 
area (SMA), and bilateral precentral gyrus (PreCG) (p < 0.05, voxels ≥ 30, with correction for false discovery rate [FDR]). (B) Patients with NSSI 
also showed higher white matter volume (WMV) in the frontoparietal temporal lobes, hippocampus (HIP), and cerebellar regions (p < 0.05, voxels 
≥ 30, FDR correction). (C) Associations between impulsivity and brain structural alterations among patients with NSSI. We observed significant 
negative correlations between nonplanning impulsivity (NPI) scores and WMV in the right inferior temporal gyrus (ITG) and right supramarginal 
gyrus (SMG); significant negative correlations between motor impulsivity (MI) scores and WMV in both subregions of the right dorsal SFG and 
positive correlations between MI scores and the right inferior parietal lobule (IPL); and significant negative correlations between attentional impul-
sivity (AI) scores and WMV in the left dorsal SFG, subregion 1 of the right dorsal SFG, the right SMG, and the left ITG. We also observed signifi-
cant negative correlations between total impulsivity scores (TI) and WMV in the left dorsal SFG, subregion 1 of the right dorsal SFG, the right 
SMG, the right HIP, the right parahippocampalgyrus (PHG), and the bilateral ITG, and between alerting function scores and WMV in the left infer
ior frontal gyrus (IFG) opercularis, the left IPL, and the left SMG. *p < 0.05; **p < 0.01. MidORB = orbital part of middle frontal gyrus; MOG = mid-
dle occipital gyrus; MTG = middle temporal gyrus; PoCG = postcentral gyrus; REC = gyrus rectus; ROL = rolandic operculum.
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However, this function did not significantly correlate with 
NSSI behaviours. This finding aligns with those of Mirabella 
and colleagues, which identified enhanced response inhibition 
among adolescents with NSSI, suggesting that this heightened 
inhibition may suppress self-protective instincts.34 Alertness re-
fers to a heightened sensitivity to potential stimuli, promoting 
quick and accurate task responses.35 We propose that, although 

patients with NSSI display impulsivity in self-injury behav-
iours, chronic stress dysregulation may render them more sen-
sitive to external stimuli and more alert. Notably, participants 
in our study were generally in a calm state during ANT 
experiments, and behavioural tasks typically capture a brief 
snapshot of decision-making behaviour under the current 
emotional state.10 Without a specific negative context imposed 

Figure 4: The mediating role of impulse control between altered brain regions and the frequency of nonsuicidal self-injury (NSSI) behaviours 
among patients with NSSI. (A) Image showing the location of the right inferior parietal lobe (IPL) and the right dorsolateral superior frontal gyrus 
(SFGDOR). (B) Correlations between motor impulsivity and white matter volume (WMV) of the right IPL (r = 0.168, p = 0.02) and right 
SFGDOR (r = –0.162, p = 0.03). (C) Among patients with NSSI, WMV in the right SFGDOR exerted a significant negative indirect effect (IE) 
on NSSI frequency through motor impulsivity (β = –1.753, 95% confidence interval [CI] –5.728 to –0.060), while (D) WMV in the right IPL posi-
tively mediated the effect on NSSI frequency through motor impulsivity (β = 1.552, 95% CI 0.029 to 5.171). 
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Figure 5: Impulsivity-related white matter fibre damage to (A) fractional anisotropy (FA), (B), mean diffusivity (MD), and (C) radial diffusivity 
(RD) among patients with nonsuicidal self-injury (NSSI) and healthy controls (HCs). Patients with NSSI had significantly lower FA in the right 
cingulate gyrus (CG.R), significantly higher MD in the splenum of the corpus callosum (SCC) and the right superior corona radiata (SCR.R), 
and significantly higher RD in the SCC, CG.R, and SCR.R. ACR.R = right anterior corona radiata; BCC = body of the corpus callosum; GCC = 
genu of the corpus callosum; PCR.R = right posterior corona radiata; SD = standard deviation; SFOF.R = right superior fronto-occipital 
fasciculus; SLF.R = right superior longitudinal fasciculus. *p < 0.05.
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on participants, such task-based measures may fail to capture 
the complexity of NSSI behaviours and their related percep-
tions of impulse control.13

We found that white matter volume in the right IPL had an 
indirect positive effect on the frequency of NSSI behaviours 
through mediation of motor impulsivity. The parietal lobe 
serves as a crucial node in the inhibition network.36,37 Huang and 
colleagues found that high motor impulsivity was associated 
with a large proactive control effect in the IPL, consistent with 
our findings.32 Similarly, white matter hyperintensity in the 
right parietal lobe has been implicated in executive function.38 
In our study, patients with NSSI exhibited low fractional an-
isotropy values, and high mean and radial diffusivity values in 
white matter fibre bundles, indicating reduced fibre integrity. 
The splenium of the corpus callosum and the superior corona 
radiata connect the parietal lobe to other brain regions, playing 
critical roles in cognitive functions. Studies have shown that in-
juries or lesions to the superior corona radiata can impair pari-
etal lobe functions, causing sensory, motor, and perception def-
icits.39 The anterior part of the cingulum bundle connects to 
prefrontal areas involved in emotion regulation and decision-
making, while the middle part links to parietal regions respon-
sible for emotion processing and cognitive control.40 Likewise, 
the right dorsolateral SFG is a key brain structure for impulse 
modulation and response inhibition, acting as a brake on im-
pulsive behaviours.41 Research on NSSI confirms that the 
dorsolateral SFG plays a key role in the cognitive processes 
underlying self-injurious behaviour.42,43 In addition, cortical 
thickness in the dorsolateral SFG has been linked to differences 
in impulsivity and strategic behaviour.44 As a prominent 
physiotherapeutic target, transcranial direct current stimula-
tion of the right dorsolateral SFG may enhance response inhibi-
tion by reducing decision-making biases and discrimination.45

Interestingly, we found that motor impulsivity played a 
negative modulatory role in white matter structures of the 
dorsolateral SFG and NSSI behaviours. Patients with NSSI ex-
hibit increased volume but decreased fibre integrity of white 
matter, which may represent a compensatory but maladapt
ive response to NSSI-related neurologic changes. As the dis-
ease progresses, white matter proliferation may contribute to 
enhanced cognitive control.46,47 Human growth trajectories 
during adolescence and early adulthood demonstrate a 
steady decline in grey matter volume, accompanied by a 
gradual increase in white matter volume.48 Patients with NSSI 
exhibit reduced integrity of fibre bundle microstructures, 
which could disrupt brain network functions associated with 
impulse control. Conversely, the increase in white matter vol-
ume may indicate an adaptive or reparative process, such as 
glial cell proliferation or alterations in myelination.49,50

These findings further suggest that the onset of NSSI behav-
iour is closely associated with structural changes in the fronto-
parietal lobe. Consequently, it is plausible to assume that NSSI 
behaviour occurring in a highly impulsive state is associated 
with structural and connectivity abnormalities in the FPN of 
patients with NSSI. The FPN — which encompasses the dorso-
lateral SFG, dorsal frontal cortex, IPL, precuneus, and cingulate 
— has been implicated in active, adaptive cognitive control.51 
The FPN and subcortical areas form the core of the executive 

network.52 This network is responsible for detecting whether 
individuals are successful in the process of behavioural inhibi-
tion during the correction process,53,54 which is critical for the ef-
fective suppression of impulsive behaviour.55 A study on the 
white matter microstructure revealed that decreased fractional 
anisotropy within the FPN may be linked to inhibition-related 
cognitive impairments.56

In addition to indirect effects, we found that reduced grey 
matter volume in the right precentral gyrus, left medial SFG, 
and bilateral rectus of patients with NSSI had a direct negative 
effect on NSSI behaviours, while increased white matter vol-
ume in the left dorsolateral SFG and precentral gyrus exhib-
ited a direct positive influence. The precentral gyrus is a crit
ical brain region of substantial interest. Several studies have 
demonstrated that patients with NSSI exhibit cortical struc-
tural changes and enhanced functional activation in the pre-
central gyrus.57–59 The primary function of the precentral gyrus 
is motor control, which participates directly in motor planning 
and the generation of movement instructions.60 Moreover, the 
precentral gyrus works in concert with regions of the FPN to 
engage in conflict processing, facilitating the brain’s flexible 
switching and integration between motor and cognitive con-
trol.60–62 These findings suggest that patients with NSSI may 
experience abnormalities in inhibiting self-injury impulses and 
generating self-injury–related instructions.

Limitations

Accurately measuring executive control linked to NSSI is 
challenging in such a cognitive-behavioural task, as impul-
sive tendencies during NSSI occurrence are not effectively 
captured. The lack of suitable measurement tools limits our 
understanding of impulsivity in NSSI. Future studies should 
consider using task-based impulsivity measures or targeted 
cognitive-behavioural paradigms. The relationship between 
brain structure and behaviour is reciprocal. This cross-
sectional study demonstrated only the current associations 
between brain regions and their functions in NSSI. The causal 
and compensatory links between brain region alterations and 
impulse control among patients with NSSI require further ex-
ploration. Future prospective studies will provide deeper in-
sights into the neural mechanisms underlying NSSI behav-
iours. We conducted a transdiagnostic study. In future 
studies, collecting more detailed data on illness severity and 
analyzing NSSI in the context of different psychiatric diagno-
ses would help provide a clearer and more robust assessment 
of the causal relationship.

Conclusion

We investigated the neural mechanisms underlying impulse 
control in relation to NSSI behaviours. Our findings sug-
gested that white matter structure abnormalities exhibited by 
patients with NSSI, particularly in the frontoparietal region, 
were involved in the exacerbation of impulsivity and worsen-
ing of NSSI behaviours. These results may provide valuable 
evidence for identifying therapeutic targets for intervention in 
NSSI behaviour.



Impulse control deficits among patients with nonsuicidal self-injury

	 J Psychiatry Neurosci 2025;50(2)	 E83

Affiliations: From the Clinical Non-pharmacological Treatment Cen-
ter, The Affiliated Brain Hospital of Nanjing Medical University, 
Nanjing, Jiangsu, China (Xie, Wu, Li, Y. Zhang, Hang, Lang, Lv, 
P.  Zhang, Liang, Ouyang, L. Zhang, Wu, C. Wang); the School of 
Psychology, Nanjing Normal University, Nanjing, Jiangsu, China 
(C. Zhang, Hang, Lang, Wu, C. Wang); the Third People’s Hospital 
of Mianyang, Youxian District, Mianyang, Sichuan, China (Yu); the 
Tianjin Anding Hospital, Hexi District, Tianjin, China (Long); the Xu-
zhou Oriental People’s Hospital, Yunlong District, Xuzhou, Jiangsu, 
China (Liu); the First People’s Hospital of Changzhou, Tianning Dis-
trict, Changzhou, Jiangsu, China (S. Wang).

Competing interests: None declared.

Contributors: Ya Xie, Sichu Wu, Jian Li, and Chun Wang contrib-
uted to the conception and design of the work. Ya Xie, Congjie 
Zhang, Yumin Zhang, Yaming Hang, Nan Lang, Zhangwei Lv, Pei 
Zhang, Minlu Liang, Bo Yu, Jing Long, Yuan Liu, Suhong Wang, 
Lichen Ouyang, Liping Zhang, and Yun Wu contributed to data ac-
quisition. Ya Xie analyzed and interpreted data. Ya Xie, Congjie 
Zhang, Jing Long, Lichen Ouyang, and Liping Zhang drafted the 
manuscript. All of the authors revised it critically for important intel-
lectual content, gave final approval of the version to be published, 
and agreed to be accountable for all aspects of the work.

Data sharing: The data that support the findings of this study are not 
publicly available because of privacy and ethical restrictions. The 
data sets used or analyzed during the current study are available 
from the corresponding author on reasonable request, subject to ap-
proval from the relevant ethics committee.

Funding: This study was supported by the Jiangsu Provincial Key 
Research and Development Program (BE2019609); National Natural 
Science Foundation of China (81971289, 82371556).

Content licence: This is an Open Access article distributed in ac-
cordance with the terms of the Creative Commons Attribution 
(CC BY-NC-ND 4.0) licence, which permits use, distribution and 
reproduction in any medium, provided that the original publica-
tion is properly cited, the use is noncommercial (i.e., research or 
educational use), and no modifications or adaptations are made. 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/

References

  1.	 Zhang P, Ouyang L, Liang M, et al. A cross-sectional epidemio
logical study of non-suicidal self-injury prevalence in Chinese 
psychiatric patients. Nat Ment Health 2023;1:266-72.

  2.	 Swannell SV, Martin GE, Page A, et al. Prevalence of nonsuicidal 
self-injury in nonclinical samples: systematic review, meta-analysis 
and meta-regression. Suicide Life Threat Behav 2014;44:273-303.

  3.	 Moloney F, Amini J, Sinyor M, et al. Sex differences in the global 
prevalence of nonsuicidal self-injury in adolescents. JAMA Netw 
Open 2024;7:e2415436.

  4.	 Zhuang LP, Wang C, Hang YM, et al. The key biological basis of 
non-suicidal self-injurious behavior. Chinese Journal of Psychiatry 
2022;55:150-3.

  5.	 Westlund Schreiner M, Klimes-Dougan B, Begnel ED, et al. Con-
ceptualizing the neurobiology of non-suicidal self-injury from the 
perspective of the Research Domain Criteria Project. Neurosci 
Biobehav Rev 2015;57:381-91.

  6.	 Buss AH, Plomin R. A temperament theory of personality development. 
Oxford, England: Wiley-Interscience, 1975:256.

  7.	 Patton JH, Stanford MS, Barratt ES. Factor structure of the barratt 
impulsiveness scale. J Clin Psychol 1995;51:768-74.

  8.	 Evren C, Cinar O, Evren B, et al. Relationship of self-mutilative be-
haviours with severity of borderline personality, childhood 
trauma and impulsivity in male substance-dependent inpatients. 
Psychiatry Res 2012;200:20-5.

  9.	 Hamza CA, Willoughby T, Heffer T. Impulsivity and nonsuicidal 
self-injury: a review and meta-analysis. Clin Psychol Rev 2015;​
38:13-24.

10.	 Maxfield BL, Pepper CM. Impulsivity and response latency in 
non-suicidal self-injury: the role of negative urgency in emotion 
regulation. Psychiatr Q 2018;89:417-26.

11.	 Christensen H, Cuijpers P, Reynolds C. Changing the direction of 
suicide prevention research a necessity for true population impact. 
JAMA Psychiatry 2016;73:435-6.

12.	 Lee SJ, Hyun MH. Task control deficit in individuals with non-
suicidal self-injury. Front Psychiatry 2021;12:608357.

13.	 Liu RT, Trout ZM, Hernandez EM, et al. A behavioral and cogni-
tive neuroscience perspective on impulsivity, suicide, and non-
suicidal self-injury: meta-analysis and recommendations for fu-
ture research. Neurosci Biobehav Rev 2017;83:440-50.

14.	 Fineberg NA, Chamberlain SR, Goudriaan AE, et al. New develop-
ments in human neurocognition: clinical, genetic, and brain imaging 
correlates of impulsivity and compulsivity. CNS Spectr 2014;19:69-89.

15.	 Dahlgren MK, Hooley JM, Best SG, et al. Prefrontal cortex activa-
tion during cognitive interference in nonsuicidal self-injury. 
Psychiatry Res Neuroimaging 2018;277:28-38.

16.	 Lee TY, Kim SN, Jang JH, et al. Neural correlate of impulsivity in 
subjects at ultra-high risk for psychosis. Prog Neuropsychopharmacol 
Biol Psychiatry 2013;45:165-9.

17.	 Meade CS, Bell RP, Towe SL, et al. Cocaine-related alterations in 
fronto-parietal gray matter volume correlate with trait and behav-
ioral impulsivity. Drug Alcohol Depend 2020;206:107757.

18.	 Bari A, Robbins TW. Inhibition and impulsivity: behavioral and 
neural basis of response control. Prog Neurobiol 2013;108:44-79.

19.	 Duann JR, Ide JS, Luo X, et al. Functional connectivity delineates 
distinct roles of the inferior frontal cortex and presupplementary 
motor area in stop signal inhibition. J Neurosci 2009;29:10171-9.

20.	 Jahanshahi M, Obeso I, Rothwell JC, et al. A fronto–striato–
subthalamic–pallidal network for goal-directed and habitual inhib
ition. Nat Rev Neurosci 2015;16:719-32.

21.	 Stevens MC, Kiehl KA, Pearlson GD, et al. Brain network dynam-
ics during error commission. Hum Brain Mapp 2009;30:24-37.

22.	 Battle DE. American Psychiatric Association. Diagnostic and statis­
tical manual of mental disorders. Fifth edition. Arlington (VA): Ameri-
can Psychiatric Association Publishing; 2013.

23.	 Nixon MK, Levesque C, Preyde M, et al. The Ottawa Self-Injury 
Inventory: evaluation of an assessment measure of nonsuicidal 
self-injury in an inpatient sample of adolescents. Child Adolesc 
Psychiatry Ment Health 2015;9:26.

24.	 Hirschfeld RMA, Williams JBW, Spitzer RL, et al. Development and 
validation of a screening instrument for bipolar spectrum disorder: 
the mood disorder questionnaire. Am J Psychiatry 2000;​157:1873-5.

25.	 Bohus M, Kleindienst N, Limberger MF, et al. The short version of 
the borderline symptom list (BSL-23): development and initial data 
on psychometric properties. Psychopathology 2009;42:32-9.

26.	 Fan J, Gu X, Guise KG, et al. Testing the behavioral interaction and 
integration of attentional networks. Brain Cogn 2009;70:209-20.

27. 	 Desikan RS, Ségonne F, Fischl B, et al. An automated labeling sys-
tem for subdividing the human cerebral cortex on MRI scans into 
gyral based regions of interest. Neuroimage 2006;31: 968-80.

28. 	 Collins DL, Zijdenbos AP, Kollokian V, et al. Design and construc-
tion of a realistic digital brain phantom. IEEE Trans Med Imaging 
1998;17: 463-8.

29.	 Jiang Y, Palaniyappan L, Chang X, et al. Brain heterogeneity in 
1,792 individuals with schizophrenia: effects of illness stage, sites 
of origin and pathophysiology. medRxiv 2024. doi: https://doi.org
/10.1101/2024.05.23.24307840.

30.	 Huang S, Zhu Z, Zhang W, et al. Trait impulsivity components 
correlate differently with proactive and reactive control. PLoS One 
2017;12:e0176102.

31.	 Kam JWY, Dominelli R, Carlson SR. Differential relationships be-
tween sub‐traits of BIS-11 impulsivity and executive processes: an 
ERP study. Int J Psychophysiol 2012;85:174-87.

32.	 Antonelli F, Ray N, Strafella AP. Impulsivity and Parkinson’s dis-
ease: more than just disinhibition. J Neurol Sci 2011;310:202-7.

33.	 Guo Z, He Y, Yang T, et al. The roles of behavioral inhibition/
activation systems and impulsivity in problematic smartphone 
use: a network analysis. Front Public Health 2022;10:1014548.

34.	 Mirabella G, Mancini C, Pacifici S, et al. Enhanced reactive inhibi-
tion in adolescents with non-suicidal self-injury disorder. Dev Med 
Child Neurol 2024;66:654-66.

35.	 Petersen SE, Posner MI. The attention system of the human brain: 
20 years after. Annu Rev Neurosci 2012;35:73.



Xie et al.

E84	 J Psychiatry Neurosci 2025;50(2)

36.	 Wang J, Zhang J, Rong M, et al. Functional topography of the right 
inferior parietal lobule structured by anatomical connectivity pro-
files: structural and functional topography of the RIPL. Hum Brain 
Mapp 2016;37:4316-32.

37.	 Tomiyama H, Murayama K, Nemoto K, et al. Increased functional 
connectivity between presupplementary motor area and inferior 
frontal gyrus associated with the ability of motor response inhibition 
in obsessive–compulsive disorder. Hum Brain Mapp 2022;43:974-84.

38.	 Smith EE, Salat DH, Jeng J, et al. Correlations between MRI white 
matter lesion location and executive function and episodic mem-
ory. Neurology 2011;76:1492.

39.	 Matejko AA, Ansari D. Drawing connections between white mat-
ter and numerical and mathematical cognition: a literature review. 
Neurosci Biobehav Rev 2015;48:35-52.

40.	 Bubb EJ, Metzler-Baddeley C, Aggleton JP. The cingulum bundle: anat-
omy, function, and dysfunction. Neurosci Biobehav Rev 2018;92:104-27.

41.	 Pan N, Wang S, Zhao Y, et al. Brain gray matter structures associ-
ated with trait impulsivity: a systematic review and voxel‐based 
meta‐analysis. Hum Brain Mapp 2021;42:2214.

42.	 Schmaal L, van Harmelen AL, Chatzi V, et al. Imaging suicidal 
thoughts and behaviors: a comprehensive review of 2 decades of 
neuroimaging studies. Mol Psychiatry 2020;25:408-27.

43.	 Brañas MJ, Croci MS, Ravagnani Salto AB, et al. Neuroimaging studies 
of nonsuicidal self-injury in youth: a systematic review. Life 2021;11:729.

44.	 Steinbeis N, Bernhardt BC, Singer T. Impulse control and underlying 
functions of the left DLPFC mediate age-related and age-independent in-
dividual differences in strategic social behavior. Neuron 2012;73:1040-51.

45.	 Chen T, Wang H, Wang X, et al. Transcranial direct current stimu-
lation of the right dorsolateral prefrontal cortex improves response 
inhibition. Int J Psychophysiol 2021;162:34-9.

46.	 Caprihan A, Jones T, Chen H, et al. The paradoxical relationship 
between white matter, psychopathology and cognition in schizo-
phrenia: a diffusion tensor and proton spectroscopic imaging 
study. Neuropsychopharmacology 2015;40:2248-57.

47.	 Hagmann P, Sporns O, Madan N, et al. White matter maturation 
reshapes structural connectivity in the late developing human 
brain. Proc Natl Acad Sci U S A 2010;107:19067-72.

48.	 Bethlehem R A I, Seidlitz J, White SR, et al. Brain charts for the hu-
man lifespan. Nature 2022;604:525-33.

49.	 Li Y, Liu Z, Song Y, et al. M2 microglia-derived extracellular vesicles 
promote white matter repair and functional recovery via miR-23a-5p 
after cerebral ischemia in mice. Theranostics 2022;​12:3553.

50.	 Dai X, Müller HG, Wang JL, et al. Age-dynamic networks and 
functional correlation for early white matter myelination. Brain 
Struct Funct 2019;224:535.

51.	 Dosenbach NUF, Fair DA, Miezin FM, et al. Distinct brain net-
works for adaptive and stable task control in humans. Proc Natl 
Acad Sci U S A 2007;104:11073.

52.	 Rodríguez-Nieto G, Seer C, Sidlauskaite J, et al. Inhibition, Shifting 
and Updating: Inter and intra-domain commonalities and differ-
ences from an executive functions activation likelihood estimation 
meta-analysis. Neuroimage 2022;264:119665.

53.	 Cai W, Ryali S, Chen T, et al. Dissociable roles of right inferior 
frontal cortex and anterior insula in inhibitory control: evidence 
from intrinsic and task-related functional parcellation, connectiv-
ity, and response profile analyses across multiple datasets. J Neurosci 
2014;34:14652-67.

54.	 Stevens MC, Kiehl KA, Pearlson GD, et al. Functional neural net-
works underlying response inhibition in adolescents and adults. 
Behav Brain Res 2007;181:12-22.

55.	 Liu J, Zubieta JK, Heitzeg M. Sex differences in anterior cingulate 
cortex activation during impulse inhibition and behavioral correl
ates. Psychiatry Res 2012;201:54.

56.	 Mizobe T, Ikari K, Tomiyama H, et al. Abnormal white matter 
structure in hoarding disorder. J Psychiatr Res 2022;148:1-8.

57.	 Lang AN, Zhong Y, Lei W, et al. Neural mechanism of non-adaptive 
cognitive emotion regulation in patients with non-suicidal self-
injury. Compr Psychiatry 2024;133:152487.

58.	 Pang X, Wu D, Wang H, et al. Cortical morphological alterations 
in adolescents with major depression and non-suicidal self-injury. 
Neuroimage Clin 2024;44:103701.

59.	 Yan R, Huang Y, Shi J, et al. Alterations of regional spontaneous 
neuronal activity and corresponding brain circuits related to non-
suicidal self-injury in young adults with major depressive disor-
der. J Affect Disord 2022;305:8-18.

60.	 Gordon EM, Chauvin RJ, Van AN, et al. A somato-cognitive action 
network alternates with effector regions in motor cortex. Nature 
2023;617:351.

61.	 Rosenberg J, Dong Q, Florin E, et al. Conflict processing networks: 
A directional analysis of stimulus-response compatibilities using 
MEG. PLoS One 2021;16:e0247408.

62.	 Nuñez JM, Casey BJ, Egner T, et al. Intentional false responding 
shares neural substrates with response conflict and cognitive con-
trol. Neuroimage 2005;25:267-77.


