
Zhang et al., Sci. Adv. 12, eaeb5842 (2026)     10 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 15

N E U R O S C I E N C E

Regulation of autism-related self-injurious behavior by 
electrical stimulation of corticostriatal circuits in mice 
and humans
Kristina Zhang1,2, Jurgen Germann3, Rafi Matin1,2, Karim Mithani2,4, Jacob Ellegood5,6,  
Hrishikesh Suresh2,4, Sammi Wong5, Jason P. Lerch5,7,8, Brian J. Nieman5,7,9,  
Margot J. Taylor2,10,11,12, Sara Breitbart4, Alfonso Fasano1,3, Carolina Gorodetsky13,  
Flavia Venetucci Gouveia2,5,9*†, George M. Ibrahim1,2,4*†

Dysfunction of corticostriatal circuitry is related to the emergence of self-injurious behavior (SIB) in autism spec-
trum disorder (ASD). Despite mounting interest in circuit-based interventions for severe, refractory SIB, the lack of 
causal evidence linking modulation of corticostriatal networks to changes in SIB has limited the advancement of 
effective, targeted therapies. In this study, we demonstrate that electrical stimulation of the nucleus accumbens 
(NAcc) mitigates SIB and induces structural changes along corticostriatal circuits in a mouse model relevant for 
ASD and children with severe SIB undergoing NAcc-targeted deep brain stimulation. In BTBR T+ Itpr3tf/J mice, 
NAcc stimulation selectively reduced injurious self-grooming—a behavioral metric of SIB—and led to morpho-
logical changes in corticostriatal networks. In children with severe SIB, electric stimulation at a locus of optimal 
therapeutic response within the NAcc engaged widespread sensorimotor, limbic, and striatal networks and in-
duced longitudinal structural changes in fronto-limbic-striatal brain regions. These findings highlight the role of 
the fronto-limbic-striatal network in SIB regulation and support corticostriatal neuromodulation as a mechanistic 
therapy for these extreme behaviors.

INTRODUCTION
Corticostriatal circuits govern restricted and repetitive behaviors in 
autism spectrum disorder (ASD), which in their most extreme man-
ifestation result in self-injurious behavior (SIB) (1, 2). These behav-
iors are characterized by repetitive, stereotyped movements directed 
toward oneself that result in physical injury without suicidal intent 
(3, 4). They typically emerge in childhood, persist into adulthood, 
and can cause irreversible injury or death, severely diminishing qual-
ity of life for both patients and their caregivers (5, 6). While the major-
ity of these behaviors respond to behavioral therapy, approximately 
20 to 25% of SIB is invariant to environmental condition, refractory 
to intervention, and is presumed to be regulated by stronger neuro-
biological contributions (4). The lack of mechanistic understanding 
of the neural circuitry underlying SIB in ASD limits opportunities 
for circuit-informed interventions.

In both rodents and humans, the striatum functions as a key in-
tegrative node for the initiation and regulation of behavior (7). It 

receives convergent excitatory inputs from the cortex, thalamus, and 
limbic regions, along with dopaminergic afferents from the substan-
tia nigra and ventral tegmental area (7–9). These integrated signals 
form the basis of corticostriatal circuitry—an interconnected net-
work in which cortical projections converge on the striatum and are 
relayed through basal ganglia-thalamo-cortical loops to govern action 
selection, behavioral inhibition, and reward-based learning (10, 11). 
By integrating these widespread cortical and subcortical inputs, the 
striatum contributes to many cognitive-behavioral functions that are 
characteristically altered in ASD, including motor and reward pro-
cessing (10, 12, 13). Dysfunction within corticostriatal pathways has 
been implicated in the emergence of SIB and related phenotypes 
including stereotypy, impulsivity, and tics (2, 14–17), which may 
share underlying pathophysiology involving impaired behavioral 
inhibition (18, 19).

Large-scale projections of the striatum to frontal and limbic net-
works are thought to modulate repetitive behaviors. Individuals 
with ASD who exhibit high levels of repetitive behaviors show great-
er functional connectivity between the striatum and limbic struc-
tures of the medial temporal lobe compared to typically developing 
individuals (20, 21). This hyperconnectivity is often accompanied by 
reduced connectivity between the striatum and frontal cortical ar-
eas, namely the prefrontal cortex (PFC), anterior cingulate cortex 
(ACC), and supplementary motor area (SMA) (21–23). Heightened 
limbic-striatal interactions, together with diminished frontostriatal 
connectivity, are thought to contribute to the expression of restricted 
and repetitive behaviors by impairing top-down inhibitory mecha-
nisms that typically suppress such actions (17, 24). In accordance 
with this, rodent models of repetitive, stereotyped, and compulsive 
behavior demonstrate hyperactivity in striatal interneurons and height-
ened excitatory input from frontal cortical projections (25,  26). 
Changes in restricted and repetitive behaviors have also been linked 
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to structural alterations and lesions within medial temporal lobe struc-
tures, including the amygdalae, hippocampi, and limbic-associated 
cortices (i.e., cingulate cortex, insula, and entorhinal cortex), which 
are critically involved in emotional salience and behavior control 
(23, 27–29).

Within corticostriatal circuitry, the nucleus accumbens (NAcc) 
of the ventral striatum serves as a major convergence point for pro-
jections from both frontal and limbic regions, positioning it as the 
main input nucleus of the basal ganglia (14). By integrating execu-
tive and motor signals from the PFC with emotional and contextual 
information from the amygdalae and hippocampi, the NAcc is well-
positioned to regulate the automatic maintenance of repetitive or SIBs 
(10, 13, 14). In humans, repetitive behaviors in ASD have been as-
sociated with accelerated postnatal growth of the ventral striatum, 
including the NAcc (13, 28). In animal studies, focal lesions to the 
NAcc have shown to increase impulsivity (30–33), while optogenetic 
manipulation of the NAcc or its extended striatal projections modu-
lates the frequency and severity of compulsive and reward-driven 
behaviors (34–39). Specifically, optogenetic inhibition of projections 
from temporal lobe structures, such as the basolateral amygdala, to 
the NAcc has been shown to attenuate compulsive reward-seeking 
behavior in rodents (38–40). Conversely, chemogenetic and optoge-
netic stimulation of frontostriatal pathways involving the NAcc sup-
presses repetitive and reward-seeking behaviors (35–37).

Building on these preclinical insights, prior clinical attempts to 
mitigate SIB in ASD and related disorders have used neuromodula-
tion through deep brain stimulation (DBS) of subcortical targets, 
including the basolateral amygdala (41), globus pallidus (42), and 
posterior hypothalamus (43). While these sites are implicated in 
emotional reactivity and motor output, evidence for their efficacy as 
DBS targets remains limited and therapeutic outcomes have been 
variable (44, 45). Direct comparisons of these targets are scarce; 
however, recent network-level analyses suggest that the therapeutic 
effects of these disparate targets may converge on a common limbic-
striatal network anchored by the ventral striatum, particularly the 
NAcc (44). Situated at the intersection of prefrontal executive con-
trol, limbic emotional regulation, and reward processing, the NAcc 
is uniquely positioned to modulate behavioral inhibition—a process 
central to repetitive behavior and SIB.

Despite extensive investigations, direct causal evidence linking 
corticostriatal pathways to SIB in humans remains elusive. Further-
more, while electrical stimulation presents a means to modulate 
brain circuits through DBS, its potential effect on corticostriatal cir-
cuits that regulate SIB is not known. To address this gap, we evalu-
ated the effects of targeted electrical stimulation of the NAcc on 
corticostriatal networks and maintenance of SIB in ASD. Leveraging 
a cross-species approach, we used the BTBR T+ Itpr3tf/J (BTBR) 
mouse model relevant to ASD and longitudinal data from the first-
in-human clinical trial of NAcc-targeted DBS (NAcc-DBS) in 
children with ASD and severe, refractory SIB [ClinicalTrials.gov, 
NCT03982888; (46)]. The inbred BTBR mouse exhibits core ASD-
related behavior deficits, most notably, spontaneously elevated levels 
of repetitive self-grooming that leads to physical injury—a behavior 
comparable to SIB in humans (47–49). We first show that electric 
stimulation of the NAcc selectively reduces SIB and repetitive behav-
ior in BTBR mice through morphological alteration of fronto-limbic-
striatal structures. We then evaluate brain-wide circuitry changes 
involved in SIB regulation in human participants undergoing NAcc-
DBS and show that SIB improvement is associated with engagement 

of sensorimotor, limbic, and striatal networks. Closing this trans-
lational circle, we identify longitudinal structural alterations in 
homologous fronto-limbic-striatal regions in both BTBR mice and 
human participants undergoing NAcc modulation, highlighting 
conserved circuit-level mechanisms underlying the regulation of 
SIB in ASD.

RESULTS
Effects of NAcc electrical stimulation on behavior in an ASD 
mouse model
We tested the hypothesis that targeted electrical stimulation of the 
NAcc would attenuate the severity and duration of SIB (i.e., injuri-
ous self-grooming) and repetitive behaviors in BTBR mice by en-
gaging corticostriatal regions. We delivered chronic high-frequency 
electrical stimulation (5 hours/day, 4 days; 100 μA, 100 Hz, 60 μs) to 
the bilateral NAcc via stereotactically implanted electrodes (Fig. 1, A 
to C; see Materials and Methods). BTBR mice were randomized 
into three groups: DBS-ON (n = 10), which received active NAcc 
electrical stimulation; DBS-OFF (n = 10), which were implanted 
with NAcc electrodes but received no stimulation; and Control 
(n = 14), which were neither implanted nor stimulated. Table S1 pro-
vides a detailed summary of behavioral outcomes for all groups and 
test sessions.

To test the effects of NAcc electric stimulation on SIB, we evalu-
ated self-grooming frequency, severity, and extent of resulting phys-
ical injury in BTBR mice. While the Control group could be visually 
distinguished because of the absence of an implant cap, behavioral 
and physical injury ratings were blinded between the DBS-ON and 
DBS-OFF groups. Physical injury was quantified as the proportion 
of dorsal body surface area exhibiting hair loss and skin lesioning 
due to excessive self-grooming, measured before and after the stim-
ulation period. Mice that received NAcc electrical stimulation ex-
hibited an average decrease in surface area of physical injury over 
the dorsal body relative to baseline, which differed significantly 
from DBS-OFF (F2,31 = 6.57, P < 0.01) and Control (F2,31 = 6.57, 
P < 0.05; Fig. 1, D and E) mice, wherein physical injury increased. 
In contrast to DBS-OFF mice, which showed a significant increase 
in time spent self-grooming relative to baseline (F1,18 = 8.42, P < 0.01), 
DBS-ON mice maintained grooming duration close to baseline lev-
els (F2,31 = 4.77, P < 0.05; Fig. 1F). To further assess the effect of 
NAcc stimulation on SIB-related activity, we analyzed grooming 
pattern, measured by the proportion of correct transitions through 
syntactic self-grooming phases (50). BTBR mice are known to exhibit 
markedly disrupted syntactic grooming organization, characterized 
by incorrect grooming phase transitions that reflect stereotyped and 
rigid grooming patterns (51). DBS-ON mice exhibited a significant-
ly greater increase in the proportion of correct grooming transitions 
relative to DBS-OFF (F2,31 = 4.27, P < 0.05) and Control (F2,31 = 4.27, 
P < 0.01; Fig. 1G). Self-grooming (i.e., duration and pattern) was 
scored by two experienced raters [duration: intraclass correlation 
coefficient (ICC)  =  0.99, P  =  2.0  ×  10−20; pattern: ICC  =  0.93, 
P = 4.4 × 10−10; fig. S1]. More severe repetitive behaviors are consid-
ered risk factors for SIB (19). DBS-ON mice demonstrated signifi-
cantly reduced repetitive behaviors together with reductions in SIB, 
measured by repetitive marble-burying (F2,30 = 6.10, P < 0.01; Fig. 1H).

The behavioral effects of NAcc stimulation were specific to SIB 
and repetitive behaviors, with no effect detected in anxiety-like 
behavior, locomotor activity, or social interaction. The open field test 

http://ClinicalTrials.gov
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showed no significant effect of NAcc electric stimulation on time 
spent in the center of the field (β = −2.62, P = 0.91; Fig. 1I) or total 
distance traveled (β = 561.50, P = 0.15; Fig. 1J) between groups. All 
groups demonstrated a significant decrease in overall distance trav-
eled within the open field after the NAcc stimulation period when 
compared to baseline (β = −1964.37, P < 0.0001). However, no dif-
ferences were reported in the total distance traveled and other 
movement characteristics such as velocity (β = 0.05, P = 0.98), verti-
cal activity (β = 28.4, P = 0.47), and clockwise rotations (β = 7.30, 
P = 0.08) across groups and time points, demonstrating that NAcc 
electrical stimulation did not affect movement quality among stim-
ulated animals. While the reduction in distance traveled between test 
sessions may be attributable to habituation to the open field arena 
(52), the absence of group differences in total distance and move-
ment quality at each time point supports the specificity of NAcc 
electrical stimulation in modulating SIB without inducing adverse 
or nonspecific locomotor alterations.

The three-chamber social approach test also showed no signifi-
cant effect of NAcc electric stimulation on time spent in the social 
chamber between groups (β = −55.20, P = 0.24; Fig. 1K). We fur-
ther analyzed behavior patterns through continuous recording of 
circadian activity using the digital ventilated cage (DVC) system 
(53). No differences were observed for home-cage locomotor activ-
ity across groups and time points (β = −8.99 × 10−3, P = 0.46; Fig. 1L). 
Together, these data demonstrate that modulation of corticostriatal 
circuitry through the NAcc reduces SIB and repetitive behavior 
without affecting anxiety-like behavior, locomotion, and circadian 
patterns of BTBR mice.

Analysis of ASD mouse brain structure after 
NAcc-DBS via MRI
To study structural changes induced by chronic electrical stimula-
tion of the NAcc, we performed deformation-based morphometry 
(DBM) using ex vivo structural magnetic resonance imaging (MRI) 

Fig. 1. Behavior testing paradigms and stimulation outcomes. (A) Experimental timeline. Created in BioRender. Zhang, K. (2025) https://BioRender.com/kio8ee4. 
(B) Schematic depicting DBS electrodes in the NAcc. Nissl image from Allen Reference Atlas–Mouse Brain (132). (C) Localization of electrode tips in the NAcc (red) of DBS-
OFF (blue) and DBS-ON (yellow). (D) Representative images of Control (n = 14), DBS-OFF (n = 10), and DBS-ON (n = 10) mouse body before and after NAcc stimulation 
period. (E) Change in proportion of physically injured bald area relative to baseline. (F) Percentage change of grooming time (measured in seconds) and (G) correct transi-
tions through syntactic grooming phases (50) during grooming assay, relative to baseline. Statistics for (E) to (G) analyzed by linear regression. (H) Mean number of mar-
bles buried in the marble-burying test. (I) Time in center zone (measured in seconds; P = 0.91) and (J) total distance traveled (measured in centimeters) in the open field 
test. (K) Time in social chamber (measured in seconds; P = 0.24) in the three-chamber social approach test. (L) Activity index across time points in the light (unshaded) and 
dark (shaded) phases, measured using the DVC system. The activity index is calculated on the basis of changes in electrical capacitance caused by the animal’s movement 
across the cage floor, with higher changes indicating more activity (53). Statistics for (H) to (K) analyzed by linear mixed-effect models. Data are shown as means ± SEM; 
*P < 0.05, **P < 0.01. For detailed behavior measures, see table S1. Ant. comm., anterior commissure; CPu, caudoputamen; d, days; DBS, deep brain stimulation; Hipp., 
hippocampus; hrs, hours; NAcc, nucleus accumbens.

https://BioRender.com/kio8ee4
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captured from BTBR mice after the experimental stimulation peri-
od. We quantified brain structure in terms of regional volumetric 
expansion or contraction using the Jacobian determinants of the 
deformation field derived from a series of linear and nonlinear reg-
istrations (54). Two measurements were calculated to assess the vol-
ume in DBS-ON brain as compared to DBS-OFF: absolute volume 
(cubic millimeter), providing a direct measure of regional structural 
size and reflecting the sum of local microscale properties, and rela-
tive volume (percentage of the total brain volume), representing the 
proportional contribution of each region to overall brain size and 
capturing its scaling relationship with the whole brain. Total brain 
volume did not differ significantly between DBS-ON and DBS-OFF 
groups (F2,30 = 4.90, P = 0.31). Thus, absolute volumes were used to 
assess the regional volumetric changes, and relative volume differ-
ences can be found in fig. S2.

Voxel-wise analyses revealed significant absolute volume differ-
ences between DBS-ON and DBS-OFF groups across multiple regions 
within the fronto-limbic-striatal circuit. Compared to DBS-OFF, 
DBS-ON mice exhibited robust volume reduction in the striatum 
(F1,17 =  11.71, P <  0.01), globus pallidus (F1,17 =  6.80, P <  0.05), 
parietotemporal cortex (F1,17 = 11.00, P < 0.01), thalamus (F1,17 =  
4.80, P < 0.05), and hippocampi (F1,17 = 14.36, P < 0.01; Fig. 2A). 
Further network-wide alterations were detected in structures that 
can be categorized into three interconnected regions: (i) frontal cor-
tex (primary somatosensory cortex, supplemental somatosensory 
area, SMA, and ACC), (ii) limbic system (amygdala, hypothalamus, 
habenula, subiculum, entorhinal cortex, and bed nucleus of the stria 
terminalis), and (iii) striatum (caudoputamen and globus pallidus 
externa) (Fig. 2B). Several of these regions showed bilateral altera-
tions, particularly in limbic structures such as the amygdalae, hip-
pocampi, thalamus, and habenula, which are known to interact with 
the striatum via limbic-striatal projections (7–9). A full summary of 
affected regions is presented in table S2, defined using the Dorr-
Steadman-Ullman-Richards-Qiu-Egan 40-μm mouse brain atlas (55).

To examine anatomical-behavioral relations, we tested whether 
structural variation in these fronto-limbic-striatal regions correlated 
with individual differences in SIB and repetitive behavior in BTBR 
mice. We identified significant associations between measures of SIB 
and/or repetitive behavior and spatially contiguous groups of voxels 
showing significant volume differences—referred to as clusters—
within fronto-limbic-striatal structures (table S3). Time spent self-
grooming was positively correlated with the absolute volume of clusters 
within the striatum [coefficient of determination (R2)  =  0.392, 
qFDR = 0.048], globus pallidus (R2 = 0.356, qFDR = 0.051), and pari-
etotemporal cortex (R2 = 0.366, qFDR = 0.051), which are known to 
be associated with reinforcing reward mechanisms (Fig. 2C) (7, 56). 
Larger cluster volumes in the striatum (R2 = 0.346, qFDR = 0.052), 
thalamus (R2 = 0.376, qFDR = 0.055), and hippocampi (R2 = 0.371, 
qFDR = 0.051) were associated with repetitive marble-burying, indi-
cating a positive relation between regional volume and repetitive 
behavior in BTBR mice (Fig. 2D). These anatomical-behavioral cor-
relations were significant at the uncorrected level (P < 0.05), with 
the association between striatal cluster volume and self-grooming 
time remaining significant after correction for multiple comparisons. 
The remaining correlations approached, but did not exceed, the false 
discovery rate (FDR)–corrected significance threshold (qFDR < 0.05). 
Representative MRI sections highlight structural differences in the 
striatum between a mouse with high levels of injurious self-grooming 
and low levels of injurious self-grooming (Fig. 2E).

These findings demonstrate that chronic electrical stimulation of 
the NAcc induces widespread volumetric alterations within fronto-
limbic-striatal circuits implicated in sensorimotor integration and 
motor control. Volume differences in specific frontal, limbic, and 
parietotemporal regions of DBS-ON mice were associated with low-
er levels of SIB and repetitive behavior, suggesting that structural 
alterations within the fronto-limbic-striatal network may underlie 
the behavioral effects of corticostriatal modulation in BTBR mice.

Probabilistic mapping in children with SIB during NAcc-DBS
Next, we investigated whether modulation of corticostriatal circuit-
ry similarly exerts brain-wide structural changes in children with 
profound ASD and severe SIB. We leveraged clinical and neuroim-
aging data collected from a first-in-human phase 1 trial of chil-
dren with severe SIB who received NAcc-DBS [ClinicalTrials.gov, 
NCT03982888; (46)]. Six pediatric participants (three males and 
three females; 10.5 ± 1.2 years of age ranging from 7 to 14 years) 
underwent NAcc-DBS and were monitored for 1 year to assess treat-
ment safety, feasibility, and behavioral outcomes. Clinical change in 
SIB was measured by the difference in Repetitive Behavior Scale–
Revised [RBS–R; (57)] SIB subscore at baseline and 1-year follow-up 
for each participant. Table  S4 summarizes the participant demo-
graphics and stimulation parameters applied.

Five of the 6 participants demonstrated significant improvement 
in SIB and quality of life after 1 year of NAcc-DBS, as indexed by the 
RBS-R SIB subscore and Pediatric Quality of Life Inventory, respec-
tively (Table 1). On average, there was a 44.3% reduction in SIB and 
141.5% improvement in health-related quality of life following 
NAcc-DBS. The one child who did not exhibit an improvement in 
SIB or quality of life presented with abnormal intracranial findings 
at baseline, including agenesis of the corpus callosum and associated 
colpocephaly consistent with a known history of in utero exposure 
to alcohol and substances.

We first sought to understand whether stimulation of subregions 
of the NAcc was preferentially associated with greater behavioral 
regulation. Using pre- and postoperative T1-weighted MRIs, we 
confirmed that electrodes were localized within the NAcc region in 
all participants, with the distal-most contact of the leads placed at 
the ventral margin of the NAcc and the proximal-most contact 
within the anterior limb of the internal capsule (Fig. 3A). By map-
ping the stimulation amplitude and frequency for each participant, 
we modeled each subject’s volume of activated tissue (VAT) after 
1 year of treatment (Fig. 3B), which reflects the brain volume influ-
enced by the voltage field (58). Probabilistic voxel efficacy mapping 
(fig. S3; see Materials and Methods) revealed greater SIB reduction 
with stimulation of the posterior-inferior-lateral subregion of the 
NAcc (Fig. 3, C and D). The centroid of this sweet-spot localized to 
MNI152 space at coordinates x = ±11, y = 6, and z = −12 (https://
www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009) and in 
Talairach-Tournoux space at coordinates x = ±10, y = 3, and z = −7 
(http://talairach.org/). Relative to the anterior commissure, the sweet-
spot was located at x = ±10.5 mm, y = +3.5 mm, and z = +6.5 mm 
from the midline of the anterior commissure.

Functional and structural connectivity patterns of NAcc-DBS 
in children with SIB
We next investigated large-scale circuits engaged by NAcc-DBS and 
associated with SIB improvement in participants using normative 
structural and functional connectivity mapping. To study large-scale 

http://ClinicalTrials.gov
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structural networks modulated by NAcc-DBS, we mapped each par-
ticipants’ VAT to underlying brain circuits by identifying all dis-
criminative streamlines intersecting the individual VATs within a 
whole-brain tractography template comprising ~12 million stream-
lines [see Materials and Methods; (59)].

The highest density of fiber tracts associated with improvement 
in RBS-R SIB subscore engaged the anterior commissure (Fig. 4, A 
and B; qFDR < 0.001), a major interhemispheric pathway that con-
nects limbic regions of the temporal lobe and prefrontal structures 
(60). These streamlines extended into fronto- and limbic-striatal cir-
cuits, including the inferior fronto-occipital fasciculus, inferior and 

middle longitudinal fasciculus, cingulum (temporal subsection), 
fornix, and arcuate fasciculus, as well as unilateral engagement of 
the left anterior thalamic radiation connecting the left thalamus, pu-
tamen, and NAcc (Fig.  4C). Additional bilateral engagement was 
observed in fibers of the forceps major, optic radiation, and acoustic 
radiation, all of which were associated with SIB improvement.

To study engagement of functional networks, we performed 
whole-brain seed-to-voxel functional connectivity analysis using 
each participant’s VAT as the seed, mapped to a normative connec-
tome [n = 1000; see Materials and Methods; (61, 62)]. Whole-brain 
voxel-wise linear regression identified several sensorimotor, limbic, 

Fig. 2. Volumetric alterations in ASD mouse model after NAcc electrical stimulation. (A) Differences in absolute volume of significant clusters by region. Violin outline 
width represents density. Box: 1st quartile, median, 3rd quartile; whiskers: ±1.5 * IQR. *P < 0.05, **P < 0.01, linear regression. The absolute cluster volume represents the 
volume of significantly affected voxel clusters within each respective structure. (B) Voxel-wise absolute volume differences between DBS-ON and DBS-OFF. Warm colors 
represent significantly larger areas in the DBS-ON compared to DBS-OFF and cool colors represent significantly smaller areas in DBS-ON mice. All changes highlighted are 
significant at a cluster-forming threshold of P < 0.05 and size threshold of P < 0.001. (C) Relationship of cluster volume and time spent self-grooming. Three specific re-
gions that are relevant to injurious self-grooming are highlighted: striatum, globus pallidus, and right parietotemporal cortex. (D) Concordance of cluster volume and 
repetitive behavior (marble-burying). Three specific regions that are relevant to repetitive behavior are highlighted: striatum, thalamus, and hippocampus. Cluster volume 
represents the volume of clusters of significantly affected voxels within each structure. Shaded gray area represents the 95% confidence interval. (E) Representative coro-
nal MRI sections (bregma: +1.3 mm) showing striatal structure in a DBS-OFF mouse with high levels of injurious self-grooming (left) and a DBS-ON mouse with low injuri-
ous self-grooming (right). The light blue region in the three-dimension brain depicts the striatum, generated using the Scalable Brain Atlas (133). BTBR, BTBR T+ Itpr3tf/J; 
Cx., cortex; FDR, false discovery rate.
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and striatal brain regions where connectivity strength correlated to 
reductions in RBS-R SIB subscores (Fig. 4D and fig. S4; Ppermutate <  
0.01). Greater improvement in SIB subscore was associated with 
weaker functional connectivity between the VAT and several motor 
and prefrontal regions, including the SMA, precentral gyrus (pri-
mary motor cortex), frontal, central, and parietal opercula, and PFC, 
including the inferior frontal gyrus and ACC. These regions are in-
volved in motor control and have been previously linked to behav-
ioral dysregulation in ASD (20, 63). In parallel, SIB improvement was 
associated with stronger functional connectivity between the VAT and 
limbic regions—including the hippocampi, amygdalae, and insulae—
as well as parietal and temporal regions (i.e., precuneus, angular gy-
rus, and middle, superior, and inferior temporal gyri) involved in 
memory and self-referential processing (58, 59).

Longitudinal structural changes after NAcc-DBS in 
children with SIB
Last, we examined whether the network-level structural changes in-
duced by NAcc-DBS in children with severe SIB were similar with 
those observed in the BTBR mouse using comparable deformation-
based metrics. Using longitudinal T1-weighted MRI scans acquired 
at baseline and 1-year postimplantation, we applied DBM [see Ma-
terials and Methods; (64)] to assess NAcc-DBS–related brain volume 
changes. After 1 year of active NAcc-DBS, the participants exhibited 
significant volume reduction in regions linked to reward or emotional 
processing, including the caudate nucleus, putamen, ACC, and right 
hippocampus [Fig. 5; (10)]. These findings parallel the smaller stria-
tum, parietotemporal cortex, and hippocampus volumes detected in 
BTBR mice subjected to NAcc electrical stimulation (Fig. 2). Con-
versely, volume increases were observed in areas involved in motor 
control (left primary motor cortex and cerebellar nuclei) (65, 66), 
social-emotional processing (left temporal pole, left parahippocampal 
gyrus, and left insula) (67–69), and pain modulation (periaqueduc-
tal gray) (70). Larger volume was also detected within motor-related 
regions of the PFC in DBS-ON BTBR mice (Fig. 2). While several 
homologous structures were affected in both BTBR mice and chil-
dren with severe SIB following NAcc stimulation, regional differ-
ences in the direction of volume change were observed in the PFC, 
SMA, and habenula (Fig. 5, B and C). Furthermore, species-specific 
effects were observed, with BTBR mice showing significant volume 
change in the primary and secondary somatosensory area (S1/S2) 
and amygdala, whereas human participants exhibited significant 
changes in the insula that were not observed in the mouse cohort. 

Nevertheless, these cross-species findings reveal a shared pattern of 
structural plasticity induced by NAcc-targeted stimulation, extend-
ing beyond the striatum to encompass distributed regions involved 
in reward and emotional processing, sensorimotor integration, and 
pain modulation. In both mice and humans, volume differences were 
detected along homologous sensorimotor, limbic, and striatal struc-
tures, supporting the existence of a conserved fronto-limbic-striatal 
network involved in regulation of pathological SIB and responsive 
to NAcc stimulation.

DISCUSSION
We demonstrate that targeted stimulation of the NAcc can influence 
corticostriatal circuitry implicated in the expression of SIB in ASD, 
as evidenced by a mouse model and data from a first-in-human 
clinical trial. Given that restricted and repetitive behaviors in ASD 
carry a high risk of severe physical harm, permanent disability, and 
death (5, 6), elucidating the underlying neural circuitry is crucial to 
develop effective, circuit-informed interventions. We leveraged a 
cross-species framework and show that targeted electrical stimula-
tion of the NAcc modulates corticostriatal circuitry, leading to re-
ductions in SIB through structural and functional alterations of a 
conserved fronto-limbic-striatal network.

Findings from the human clinical trial demonstrate that NAcc-
DBS appears safe and feasible for children with profound ASD and 
severe, treatment-refractory SIB, with evidence of early clinical effi-
cacy (46). Consistent with these clinical findings, we demonstrate 
that in the translational BTBR mouse model, targeted NAcc electri-
cal stimulation selectively reduces both SIB and repetitive behavior 
relative to unstimulated controls. BTBR mice begin to exhibit injuri-
ous self-grooming during the juvenile period, and this repetitive 
behavior persists throughout the lifespan (49). As a result, the asso-
ciated physical injuries typically worsen over time in the absence of 
effective interventions to mitigate the repetitive and excessive levels 
of self-grooming. Here, reductions in visible self-inflicted injuries 
after NAcc stimulation appeared to result not only from the relative 
stability of self-grooming duration but also from improved groom-
ing sequence organization, as shown by a significantly lower propor-
tion of incorrect transitions in the cephalocaudal pattern (48,  50). 
This trend parallels clinical observations, where individuals may 
engage in SIB for similar durations, yet differences in the type and 
severity of behaviors can result in varying levels of physical injury 
(71, 72). Experimental lesions to the striatum and ventral pallidum 

Table 1. SIB and quality of life outcomes for participants undergoing NAcc-DBS. PedsQL, Pediatric Quality of Life Inventory; RBS-R, Repetitive Behavior 
Scale-Revised; SIB, self-injurious behavior.

Subject RBS-R SIB score RBS-R SIB percent 
change (%)

PedsQL total score PedsQL total score 
percent change 

(%)Baseline 1-year follow-up Baseline 1-year follow-up

 1 18 8 −55.6 4.3 18.5 325.0

 2 11 3 −72.7 28.4 69.3 144.0

 3 11 6 −45.5 48.5 52.2 7.51

 4 13 14 7.7 21.7 16.3 −25.0

 5 19 9 −52.6 10.0 45.7 356.5

 6 17 9 −47.1 42.4 59.8 41.0
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Fig. 3. NAcc-DBS sweet-spot mapping in participants with SIB and ASD. (A) Electrode placement shown in relation to the NAcc core (light blue) and shell (dark blue; 
n = 6). Subject 4 presented with multiple baseline brain abnormalities, leading to the left DBS electrode appearing to be lateral to the NAcc in this standard-space tem-
plate. Anatomical review of individual postoperative MRI confirmed accurate placement within the targeted region. (B) Bilateral VAT (yellow) of each subject calculated 
from the stimulation parameters (table S4) applied after 1-year of active NAcc-DBS. Active contacts are colored in red. (C) Probabilistic map showing the voxels that are 
significantly (P < 0.05) associated with greater SIB improvement (red), measured by the RBS-R (57). The probabilistic map was thresholded using a Wilcoxon signed-rank 
test (P < 0.05, at each voxel), followed by nonparametric permutation testing (Ppermute < 0.001). (D) The extent of the VATs responsible for eliciting at least 40% improve-
ment is shown in successive coronal slices. NAcc, nucleus accumbens.
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disrupt grooming syntax and prolong grooming bouts, emphasizing 
the role of these regions in the temporal and spatial structuring of 
innate motor sequences (31–33).

Structurally, BTBR mice exhibit enlarged striatal volume relative 
to non-ASD strains—a characteristic strongly associated with height-
ened self-grooming and stereotyped behaviors (73). Our DBM anal-
ysis revealed that NAcc stimulation resulted in smaller striatum and 
pallidum volumes in DBS-ON mice compared to unstimulated con-
trols. These volumetric differences correlated with decreased injuri-
ous self-grooming and repetitive marble-burying, suggesting that 
NAcc-targeted modulation can reduce atypical striatal morpholo-
gy and, in turn, restore inhibitory control over maladaptive motor 
patterns.

Similarly, neuroimaging studies in humans with ASD have linked 
increased striatal volume to greater severity of restricted and repeti-
tive behaviors (28, 74). Accordingly, our clinical cohort showed sig-
nificant longitudinal reductions in striatal volume alongside clinical 
improvement, further supporting the notion that NAcc stimulation 
may reduce SIB through normalization of striatum morphology. Ex-
tending these findings, we found that chronic NAcc stimulation in-
duced structural and functional alterations within homologous 

cortical and limbic regions in both BTBR mice and humans, which 
were associated with clinical reductions of SIB. These observations 
align with prior neuroimaging studies in ASD, which have consis-
tently implicated dysregulated corticostriatal and limbic networks 
in the pathophysiology of repetitive behaviors (20–23, 28).

The current findings also intersect with broader models of moti-
vation and reward circuitry. Converging evidence from animal and 
human studies have implicated a central role of the NAcc in cortico-
limbic regulation of motivational drive and reinforcement learning—
processes that are tightly involved in the expression of repetitive and 
impulsive behaviors (75–77). Motivation, reward, and habit-related 
behaviors rely on overlapping corticostriatal and limbic networks 
(77) such that modulation of NAcc activity can influence the bal-
ance between goal-directed and stereotyped responding. Optoge-
netic studies demonstrate that dopaminergic input from the ventral 
tegmental area to the NAcc produces a generic motivation signal 
capable of reinforcing even spontaneous actions (78–80). Thus, re-
ductions in SIB and repetitive behavior following NAcc-DBS may 
reflect a recalibration of motivational drive that disrupts reinforce-
ment of pathological motor sequences. However, the absence of 
changes in exploratory behavior or social interactions suggests that 

Fig. 4. Structural and functional connectivity of NAcc-DBS for improving SIB in participants with ASD. (A) Streamlines associated with greater SIB improvement, il-
lustrated on the MNI152 brain. Blue, streamlines; red, VAT. (B) MRI showing the relation between VATs responsible for eliciting at least 40% SIB improvement and the fiber 
density map. (C) Streamlines connected to the VATs associated with significantly greater SIB improvement. (D) Warm colors (positive) indicate regions where stronger 
functional connectivity with the VAT is associated with greater SIB improvement, while cool colors (negative) indicate regions where weaker functional connectivity with 
the VAT is associated with greater SIB improvement. ACC, anterior cingulate cortex; DG, dentate gyrus; Front., frontal; Hipp., hippocampus; Inf., inferior; Mid., middle; NAcc, 
nucleus accumbens; SMA., supplementary motor area; Temp., temporal.
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these effects are unlikely to stem from a general reduction in moti-
vation but rather point toward selective modulation of circuits link-
ing reinforcement learning to repetitive and self-injurious actions.

Reinforcing signals within frontostriatal circuits involving the 
NAcc are thought to contribute to the automatic maintenance of re-
petitive behaviors, including SIB (13). NAcc-DBS has shown prom-
ise in normalizing frontostriatal dynamics (81) and reducing the 
severity (82, 83) of obsessive-compulsive disorder (OCD)—a condi-
tion also characterized by impaired inhibitory control (17). Here, we 
identified volumetric differences in frontal cortices of BTBR mice 
and humans after NAcc-DBS, along with reduced functional con-
nectivity with the ACC, primary motor cortex, and SMA. These 
findings are concordant with the results of a functional MRI study in 
OCD, where baseline hyperconnectivity between the NAcc and dor-
somedial PFC was normalized following NAcc-DBS, with the extent 
of connectivity reduction correlating with symptom improvement 
(83). Similarly, stronger connectivity between the striatum and ACC 
has been reported in ASD (20). While the literature remains mixed 

regarding which specific frontostriatal circuits are disrupted—and 
whether they manifest as hyper- or hypoconnectivity—there is con-
verging evidence that an imbalance within frontostriatal and 
thalamo-cortical networks underlies the deficits in inhibitory con-
trol observed in ASD and SIB (84).

Structural connectivity and brain organization are known to shape 
functional connectivity (85). Thus, our multimodal framework incor-
porating whole-brain structural and functional connectivity analyses 
with DBM to identify widespread structural abnormalities enables a 
comprehensive characterization of the basal ganglia-thalamo-cortical 
regions involved in restoring patterns of inhibitory control. Habit 
formation and behavioral control are also intricately regulated by 
limbic-striatal circuits involving the NAcc (7, 13, 21). Our func-
tional connectivity analysis revealed that greater SIB reduction 
was linked to stronger connectivity between the NAcc stimula-
tion site and limbic and associative areas, including the hippocampi, 
amygdalae, temporal gyri, and precuneus. While limbic-striatal hy-
perconnectivity is frequently reported in individuals with ASD and 

Fig. 5. Volume changes after NAcc-DBS in participants with profound ASD and SIB and BTBR mice. (A) Longitudinal DBM of children treated with NAcc-DBS for 
1 year. Significant voxel-wise volume increase (warm colors) and decrease (cold colors) associated with RBS-R SIB subscore improvement at 1-year follow-up. Summary of 
volume changes along the fronto-limbic-striatal network of (B) BTBR mice and (C) clinical trial participants after NAcc-DBS. Created in BioRender. Zhang, K. (2025) https://
BioRender.com/bou28l2. Structures exhibiting overall volume increase and decrease are outlined in red and blue, respectively. Venn diagram lists the fronto-limbic-
striatal structures demonstrating significant volume change and concordance of change direction across species. ACC, anterior cingulate cortex; Amy, amygdala; Caud., 
caudate nucleus; CPu, caudoputamen; DLPFC, dorsolateral prefrontal cortex; GP, globus pallidus; Hb, habenula; Hipp., hippocampus; Hyp, hypothalamus; IL, infralimbic 
cortex, SMA, supplementary motor area; NAcc, nucleus accumbens; PFC, prefrontal cortex; PrL, prelimbic cortex; Put., putamen; S1/S2, primary and secondary somatosen-
sory area; Thal, thalamus.

https://BioRender.com/bou28l2
https://BioRender.com/bou28l2


Zhang et al., Sci. Adv. 12, eaeb5842 (2026)     10 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 15

elevated repetitive behaviors (20, 21), our findings suggest that the 
therapeutic effects of NAcc-DBS may not simply arise from revers-
ing this elevated functional connectivity. Instead, the posttreatment 
increases observed here may reflect a shift from disorganized, mal-
adaptive signaling to more coherent and functionally integrated 
network engagement. Strengthened connectivity could represent 
enhanced fidelity and coordination of limbic inputs within striatal 
circuits, facilitating more adaptive modulation of emotional salience 
and behavioral output. These findings point to a neuromodulatory 
mechanism wherein NAcc-DBS facilitates adaptive engagement of 
limbic-striatal networks involved in behavioral regulation, rather than 
merely suppressing circuit overactivity.

These functional changes were paralleled by structural altera-
tions within limbic-striatal regions. Prior studies have reported en-
larged hippocampal volume in both patients with ASD and BTBR 
mice, correlating with high levels of repetitive behaviors (73, 86). 
Abnormal thalamic volume has also been consistently reported in 
ASD, although the direction of these differences remains inconsis-
tent across studies (87, 88). Our DBM analyses revealed a cross-species 
normalization pattern, with significantly smaller hippocampal and 
thalamic volumes following chronic NAcc stimulation in both mice 
and humans, suggesting a convergent structural response within the 
limbic-striatal network. These volumetric differences were not lim-
ited to individual regions but rather reflect broader modulation of a 
network of interconnected subcortical and cortical limbic structures 
that interface with the striatum, contributing to behavioral flexibil-
ity, affect regulation, and motor control (10, 11).

The robust volumetric changes observed in BTBR mice are con-
sistent with previous reports demonstrating that both acute and chronic 
stimulation paradigms can induce measurable structural plasticity 
in rodents (89, 90). Such neuroplastic adaptations are thought to arise 
from activity-dependent processes, including alterations in dendrit-
ic spine density, synaptic remodeling, neurovascular reorganization, 
glial dynamics, and epigenetic modifications (90–94). Experimental 
rodent studies have shown that NAcc stimulation inhibits neuronal 
activity in the ventral pallidum and ventral tegmental area (95, 96), 
shifts excitatory/inhibitory balance locally and across connected 
networks (95, 97), enhances hippocampal activity and neurogenesis 
(98, 99), and increases monoamine transmission in frontal cortical 
regions (100). While the precise cellular mechanisms underlying 
NAcc-DBS for SIB and repetitive behaviors remain to be fully delin-
eated, our results indicate that DBS-evoked volumetric changes reflect 
biologically meaningful neuroplastic adaptations with functional 
relevance for network organization. The convergence of structural 
changes among BTBR mice and humans with SIB undergoing 
NAcc-DBS strengthens the translational value of these findings and 
suggests that comparable cellular processes may underlie the network-
level effects observed across species.

NAcc-DBS in our human cohort also engaged the anterior tha-
lamic radiation linking the NAcc stimulation site to the putamen and 
left thalamus. These tracts carry reciprocal connections between tha-
lamic nuclei and the PFC, supporting inhibitory control and modu-
lating reinforcement of repetitive and impulsive behavior (101). 
Moreover, we found a high density of fiber tracts traversing the an-
terior commissure, projecting toward midline and posterior cortical 
regions. These tracts support interhemispheric integration of sen-
sory information (60), particularly within temporal limbic struc-
tures, which, in our study, also demonstrated volumetric alterations 
and functional engagement. Given the anterior commissure’s known 

role in coordinating bilateral limbic processing, these connections 
may contribute to the normalization of dysregulated sensory-affective 
signaling following NAcc-DBS.

Building on prior evidence linking NAcc activation to salience 
processing of both emotional and sensory stimuli (102, 103), we ob-
served structural engagement in sensory-processing limbic regions 
and fiber pathways mediating sensory-affective signaling. This of-
fers insight into the involvement of limbic-striatal circuits on the 
neural basis of sensory integration in ASD. In previous work, we 
also reported longitudinal [18F]fluorodeoxyglucose positron emis-
sion tomography (PET) results demonstrating stimulation-induced 
reductions in metabolic activity within the dorsal striatum, thala-
mus, insula, and temporal cortices (46). Combining the functional 
and structural circuit effects observed here with the PET findings, 
we suggest that NAcc-DBS exerts network-level effects across limbic- 
striatal and sensory integration circuits. By enhancing the coordina-
tion between these systems, NAcc-DBS may help restore balance 
between excitatory limbic inputs and reducing SIB.

In addition to the clinical trial we present, prior case reports have 
attempted to stimulate a range of subcortical targets to mitigate ex-
treme behaviors in ASD, including the basolateral amygdala (41), 
globus pallidus (42), and posterior hypothalamus (43). A recent con-
nectomic meta-analysis showed that stimulation of disparate targets 
may converge on a common limbic-striatal network anchored by 
the ventral capsule and ventral striatum (44), which involves the 
NAcc. Our findings advance this understanding by moving beyond 
correlative evidence and demonstrating a direct causal relationship 
between NAcc stimulation and circuit-level changes associated with 
SIB improvement. Given the robust impact of stimulation site on clin-
ical outcomes, identifying the NAcc subregion associated with greatest 
group-level symptom improvement is essential for symptom-specific 
targeting and parameter optimization in these clinically heteroge-
neous populations.

In our human cohort, voxel-efficacy mapping revealed a distinct 
gradient, indicating that SIB reduction was associated with a stim-
ulation sweet-spot in the inferior and lateral part of the NAcc—
corresponding to the NAcc core, which is recognized for its pivotal 
role in regulating goal-directed behaviors (104, 105). This region forms 
extensive projections to motor-related structures such as the dorsal 
striatum and thalamus (14), which we observed to undergo mor-
phological changes following NAcc-DBS. This study identifies 
an optimal stimulation site within the NAcc for treating SIB in the 
specific context of ASD. Relevance in other contexts will need to 
be considered carefully. While tractography studies in OCD sug-
gest that dorsoventral stimulation may yield more favorable clinical 
outcomes (106), others found that dorsal NAcc stimulation may 
worsen impulsivity (107), underscoring the importance of symptom-
specific targeting and parameter optimization in these heteroge-
neous populations.

Some studies indicate that high-frequency stimulation may exert 
therapeutic effects by increasing neuronal activity within the stimu-
lated nucleus (108, 109). In contrast, other results suggest that high-
frequency stimulation produces inhibition through depolarization 
block or activation of inhibitory neurons (110–112). In rodent mod-
els of compulsivity, NAcc-DBS has been shown to reduce local neu-
ral firing rates and glutamate levels, thereby suppressing hyperactive 
and aberrant excitability (113). Other studies in compulsivity mod-
els have reported both excitatory and inhibitory responses associat-
ed with behavioral improvements following DBS (114). Furthermore, 
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DBS is thought to preferentially stimulate axon terminals and axons 
of passage relative to cell bodies (115, 116), which results in broader, 
circuit-level influences (117, 118). In line with this framework, our 
structural neuroimaging and connectivity analyses demonstrate that 
NAcc-DBS produces a robust network-level impact. These findings 
suggest that, even if local inhibitory processes occur within the NAcc, 
their downstream effects manifest at the circuit level, leading to 
widespread reorganization of network interactions. Thus, our study 
provides valuable insight into the regions and pathways through 
which DBS exerts therapeutic benefit in SIB and forms the basis to 
which future studies, using neurotransmitter assays and in vivo elec-
trophysiology, can directly assess the role of local inhibitory mecha-
nisms in the context of NAcc-DBS for SIB.

Despite the strengths of cross-species work and a first-in-human 
clinical trial, our study has several limitations. Not all anatomical-
behavioral correlations in BTBR mice survived the more conservative 
correction threshold (qFDR < 0.05); however, several fronto-limbic-
striatal regions showed strong associations that were significant af-
ter FDR correction. Given their alignment with prior literature and 
known network-level involvement in emotional reactivity and be-
havioral inhibition, these correlations are likely to provide meaning-
ful insights for understanding the circuit mechanisms of repetitive 
and SIBs. The patient data come from a small, albeit uniquely valu-
able, cohort of six children in a phase 1 pilot trial. While these find-
ings provide important insights, the small sample size constrains the 
generalizability of both the clinical outcomes and DBS mapping 
analyses. Given that SIB can arise from diverse etiologies and pres-
ent with varying forms and degrees of severity, larger studies are 
needed to validate and expand on the foundational findings pre-
sented here. On the basis of promising results of the phase 1 human 
study, together with mechanistic insights from the BTBR mouse, an 
ongoing double-blinded randomized clinical trial is currently seek-
ing to better characterize the efficacy of NAcc-DBS in children with 
severe, refractory SIB (ClinicalTrials.gov, NCT06529380). We also 
used normative connectomes for connectivity analyses, which, while 
offering high resolution and reduced noise, may not fully capture 
developmental and disease-specific differences. Still, key connectivity 
pathways are largely conserved across ages (119), supporting their 
relevance. Normative datasets offer superior data quality, largely be-
cause of longer scan durations and fewer motion artifacts compared 
to clinical populations such as individuals with SIB or ASD. To 
refine our foundational findings presented here, future preclinical 
studies should aim to systematically manipulate specific regions and 
white matter tracts to better link stimulation targets with behavioral 
and network dynamics.

Together, our findings advance mechanistic insight into the 
neural circuitry underlying SIB and delineate how targeted mod-
ulation of corticostriatal networks can drive SIB improvement 
in ASD. We demonstrate that electrical stimulation of the NAcc not 
only reduces SIB but also induces structural remodeling across lim-
bic, striatal, somatosensory, and motor regions, highlighting its dis-
tributed network effects. In children, connectomic analyses identified 
engagement of fronto-limbic-striatal circuits as a key substrate of 
therapeutic response. These findings provide a critical mechanistic 
framework for understanding how circuit-level plasticity under-
lies behavioral change and establishes a foundation for future 
studies aimed at refining corticostriatal neuromodulation to opti-
mize outcomes in an extremely vulnerable population of children 
with SIB.

MATERIALS AND METHODS
Experimental design
This study aimed to investigate the effects of targeted NAcc electrical 
stimulation on corticostriatal networks and maintenance of SIB in 
ASD. For preclinical studies, BTBR mice (10 weeks old, male) were 
randomly assigned to DBS-ON, DBS-OFF, or Control groups. DBS-
ON and DBS-OFF mice received bilateral NAcc electrode implants 
and an anchoring screw. Control mice received only the anchoring 
screw to control for anesthesia effects and surgical procedures. After 
postoperative recovery, all animals were evaluated for ASD-relevant 
behaviors: injurious self-grooming (49), repetitive behavior [marble- 
burying; (120)], anxiety-like behavior and locomotor activity [open 
field; (121)], and social interaction [three-chamber social approach; 
(122)]. All animals were housed in DVC cages, which maintain stan-
dard housing conditions while enabling continuous monitoring of 
spontaneous circadian and locomotor activity. Following baseline 
behavior testing, DBS-ON mice received active NAcc stimulation 
for four consecutive days (5 hours/day; 100 μA, 100 Hz, 60 μs; bi-
phasic mode), while DBS-OFF mice were connected to the stimula-
tor without active stimulation, and Control mice were not connected 
but kept in the same room, with matched conditions. After the stim-
ulation period, BTBR mice were reassessed for the same behaviors 
as at baseline. Subsequently, the brains were perfusion fixed (123) 
for T2-weighted MRI, followed by DBM (54) to evaluate volume dif-
ferences across brain regions between groups. All procedures were 
approved by the Animal Care Committee of The Centre for Phe-
nogenomics (Animal Use Protocol: 29-0355H) and complied with 
Canadian Council on Animal Care guidelines and the Animals for 
Research Act of Ontario. This study followed the Animal Research: 
Reporting of In Vivo Experiments guidelines (124).

For investigation in humans, we leveraged data from participants 
enrolled in a first-in-human trial of NAcc-DBS for severe, treatment-
refractory SIB. This phase 1 clinical trial was approved by the Hospi-
tal for Sick Children’s Research Ethics Board (1000060282PID) and 
monitored by Health Canada. The trial protocol was registered in 
ClinicalTrials.gov (NCT03982888) and previously published (125).

To investigate the relationship between stimulation location and 
treatment response, bilateral electrode placements were localized, 
and VATs were modeled for each participant (58). To identify the 
stimulation sweet-spot related with greater SIB improvement, prob-
abilistic efficacy mapping (126) was performed using RBS-R SIB 
subscores from baseline and 1-year follow-up. VATs were further 
processed for connectomic analyses (61, 62) to investigate the struc-
tural (i.e., fiber tracts) and functional (i.e., brain areas) maps associ-
ated with SIB improvement among children treated with NAcc-DBS. 
To examine network-level structural changes induced by NAcc-DBS, 
we applied DBM (64) to longitudinal T1-weighted MRIs collected at 
baseline and 1-year postimplantation. Details regarding behavior 
testing and imaging protocols used in the preclinical arm, as well as 
processing parameters and statistical approaches in the clinical im-
aging analysis, are included in the Supplementary Materials.

Statistical analyses
Mouse behavior testing
Mouse behavior was analyzed in R (v4.4.1) using the lme4 (v1.1-
35.5) package. The variables analyzed are described in table S1. Linear 
regression compared self-grooming metric and bald area be-
tween groups. Linear mixed-effects models analyzed marble bury-
ing, open field behavior, three-chamber social approach outcomes, 

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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and home-cage activity across groups and test sessions. Circadian 
activity rhythms were analyzed using the GLMMcosinor package 
(v0.2.1) in R. The level of significance was set at P < 0.05.
Mouse brain volume and behavior correlations
Voxel-wise cluster volumes were segmented into 62 different regions 
according to the Dorr-Steadman-Ullman-Richards-Qiu-Egan 40-μm 
atlas (55). Pearson correlations were performed between 62 different 
regional volumes and four behavioral metrics (absolute volume ver-
sus self-grooming time, proportion of correct grooming transitions, 
proportion of physically injured body area, and number of marbles 
buried) after treatment. This allowed the comparison of brain volume 
differences to behavior outcomes across treatment groups. Signifi-
cant correlations were corrected for multiple comparisons with FDR.
Deformation-based morphometry
Structural MRI of BTBR mice were postprocessed for geometric 
distortions and analyzed using DBM, as previously described (54). 
Briefly, images were linearly (6 parameters followed by 12 parame-
ters) and nonlinearly registered together with mni_autoreg (127) 
and Advanced Normalization Tools [ANTS; (128, 129)]. Jacobian 
determinants of the deformation field were calculated as measures of 
volume at each voxel. Multiple test correction was applied across all 
the voxels in the whole-brain mask based on family-wise error rate, 
which was performed with a cluster-based statistical method imple-
mented in the Analysis of Functional NeuroImages (AFNI) 3dClust-
Sim software suite (130). Cluster significance thresholds were derived 
from Monte Carlo simulations with 10,000 iterations (131). Given the 
size of the whole brain mask, the minimum cluster extent was 1882 
voxels (121 mm3) to reach P < 0.05 at the voxel level and P < 0.001 
at the cluster level.

For human data, longitudinal DBM was implemented as previ-
ously described (64). Briefly, images were linearly and nonlinearly 
registered using ANTS in a two-level registration procedure: (i) Im-
ages of the same subject were registered to an iteratively updated av-
erage to detect within subject changes occurring over time, and (ii) 
subject averages were registered to an iteratively updated population 
average to achieve voxel correspondence to compare the local individ-
ual changes across the group of subjects. Log-transformed Jacobians 
were smoothed using a 2-mm 3D Gaussian kernel. Voxel-wise statis-
tical modeling was performed using RMINC (v1.5.2.2) mixed-effect 
linear models, with a fixed effect of (pseudo) time point and a ran-
dom intercept by subject. Multiple comparisons were corrected 
using the aforementioned AFNI 3dClustSim program (130). On the 
basis of Monte Carlo simulations, a voxel-wise threshold was ap-
plied, and a minimum cluster size of 17,569 voxels (2197 mm3) was 
required to maintain significance at P < 0.05 at the voxel level and 
P < 0.001 at the cluster level.
Probabilistic efficacy mapping
Lead-DBS software (https://lead-dbs.org/) was used for electrode lo-
calization and modeling of each individual’s VAT, as previously de-
scribed (58). Each VAT was assigned its corresponding percentage of 
improvement after 1-year of treatment. Mean improvement of over-
lapping VATs was calculated at each voxel. The resulting average map 
was then thresholded for voxel-wise significance using a Wilcoxon 
signed-rank test (P  <  0.05). For each voxel, the Wilcoxon-signed 
rank test compared clinical improvement between participants 
whose VAT overlapped the voxel and those whose VAT did not. This 
approach denoted whether stimulation was associated with a signifi-
cant clinical improvement at each voxel. The validity of the voxel ef-
ficacy map was determined through nonparametric permutation 

testing (Ppermute < 0.001), in which each clinical outcome score was 
randomly assigned to a random VAT.
Imaging connectomics
To identify white matter pathways associated with positive treatment 
outcome, we first extracted all streamlines intersecting each partici-
pants’ VAT (i.e., seed region) from a normative whole-brain tractog-
raphy template comprising ~12 million streamlines (59). To determine 
the streamlines significantly associated with positive treatment out-
come, a t test of symptom improvement comparing subjects whose 
VAT touched a given streamline and individuals who did not was per-
formed, as previously described (62). The results were corrected for 
multiple comparisons using FDR at qFDRcor < 0.001.

To evaluate functional connectivity, a whole-brain correlation 
map (r-map) was computed for each subject’s bilateral VATs based 
on the resting-state functional MRI blood-oxygen level dependent 
time course-dependent correlations between the seed regions and 
remaining voxels across a normative connectome (59). Whole-brain 
voxel-wise linear regression was performed to test the relationship 
between magnitude of functional correlation and symptom improve-
ment. Threshold free cluster enhancement was applied to the func-
tional connectivity map with subsequent permutation testing, resulting 
in a statistical map corrected for multiple testing, thresholded at 
P < 0.01.
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