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ORIGINAL ARTICLE

Self-injurious behaviours are associated with alterations
in the somatosensory system in children with autism
spectrum disorder
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Abstract Children with autism spectrum disorder (ASD)

frequently engage in self-injurious behaviours, often in the

absence of reporting pain. Previous research suggests that

altered pain sensitivity and repeated exposure to noxious

stimuli are associated with morphological changes in

somatosensory and limbic cortices. Further evidence from

postmortem studies with self-injurious adults has indicated

alterations in the structure and organization of the temporal

lobes; however, the effect of self-injurious behaviour on

cortical development in children with ASD has not yet

been determined. Thirty children and adolescents (mean

age = 10.6 ± 2.5 years; range 7–15 years; 29 males) with

a clinical diagnosis of ASD and 30 typically developing

children (N = 30, mean age = 10.7 ± 2.5 years; range

7–15 years, 26 males) underwent T1-weighted magnetic

resonance and diffusion tensor imaging. No between-group

differences were seen in cerebral volume, surface area or

cortical thickness. Within the ASD group, self-injury

scores negatively correlated with thickness in the right

superior parietal lobule t = 6.3, p \ 0.0001, bilateral pri-

mary somatosensory cortices (SI) (right: t = 4.4, p = 0.02;

left: t = 4.48, p = 0.004) and the volume of the left ven-

troposterior (VP) nucleus of the thalamus (r = -0.52,

p = 0.008). Based on these findings, we performed an

atlas-based region-of-interest diffusion tensor imaging

analysis between SI and the VP nucleus and found that

children who engaged in self-injury had significantly lower

fractional anisotropy (r = -0.4, p = 0.04) and higher

mean diffusivity (r = 0.5, p = 0.03) values in the territory

of the left posterior limb of the internal capsule. Addi-

tionally, greater incidence of self-injury was associated

with increased radial diffusivity values in bilateral poster-

ior limbs of the internal capsule (left: r = 0.5, p = 0.02;

right: r = 0.5, p = 0.009) and corona radiata (left:

r = 0.6, p = 0.005; right: r = 0.5, p = 0.009). Results

indicate that self-injury is related to alterations in

somatosensory cortical and subcortical regions and their

supporting white-matter pathways. Findings could reflect

use-dependent plasticity in the somatosensory system or

disrupted brain development that could serve as a risk

marker for self-injury.
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Introduction

Children and adolescents with autism spectrum disorder

(ASD) often perform harmful acts directed towards them-

selves (Baghdadli et al. 2003; Duerden et al. 2012; Militerni

et al. 2002). Self-injurious behaviours are sometimes repet-

itive and can be rhythmic. These behaviours range from mild

hair pulling to much more severe actions such as head

banging or autoextraction of teeth (Armstrong and Matt

1999; Medina et al. 2003; Ross-Russell and Sloan 2005), and

are often performed in the absence of reporting pain. Self-

injury may be associated with alterations in brain regions that

process both sensory-discriminative and affective compo-

nents of pain and may reflect atypical somatosensory pro-

cessing commonly seen in this population (Tordjman et al.

2009). However, the effects of self-injury on the develop-

ment of grey and white matter have yet to be determined.

Repeated exposure to noxious stimuli and altered pain

sensitivity has been associated with morphological changes

in brain regions that process somatosensation and pain

affect in healthy adults (Grant et al. 2010; Teutsch et al.

2008). Zen Buddhists, who regularly sit in postures that

become painful, had increased thickness in the primary

somatosensory cortex (SI) associated with hours of prac-

tice, had reduced pain sensitivity and showed increased

thickness in brain regions that mediate pain intensity

(secondary somatosensory cortex, SII), pain affect [anterior

cingulate cortex (ACC)], and pain modulation (parahip-

pocampal gyrus) (Grant et al. 2010). Additionally, healthy

participants who received noxious stimuli repeatedly over

an 8-day period had reduced pain sensitivity and increased

grey matter density in the ACC and SI contralateral to the

stimuli (Teutsch et al. 2008).

Neuropathological studies of self-injurious adults with

ASD have demonstrated changes in the structure and

organization of neuronal tissues, particularly in the tem-

poral lobes (Hof et al. 1991; Wegiel et al. 2010). However,

these studies included small samples, and investigation of

the effects of self-injury on brain structure both in vivo and

in larger samples of individuals with ASD is warranted.

Several brain regions may be altered in individuals with

ASD who self-injure including the thalamus. The thalamus

actively filters sensory information to the cortex. Several

reports have theorized that sensory abnormalities demon-

strated by individuals with ASD are associated with dis-

rupted thalamocortical processing (Baranek 2002; Hardan

et al. 2006a; Tsatsanis et al. 2003).

Previous postmortem studies on self-injurious individ-

uals with ASD primarily focussed on grey matter changes

in the cortex and cerebellum; however, alterations in white-

matter fibre pathways are also associated with repetitive

movements. Thakkar et al. (2008) correlated diffusion

tensor imaging (DTI) measures of fractional anisotropy

(FA, measure of tensor directionality that is generally

believed to reflect myelination and axonal density) with

parental ratings of repetitive behaviours. Lower FA in the

ACC was associated with increased repetitive behaviour.

Additionally, these authors noted reduced FA in the frontal

cortex, rostral ACC and paracentral lobule/SI. Atypicalities

in white-matter fibres, reflected by alterations in FA, have

also been reported in children with repetitive-brain injury

(Lipton et al. 2012), which may be found in a subset of

children with ASD who self-injure.

Presently, little is known concerning the effects of self-

injury on the development of cortical and subcortical

structures involved in somatosensory processing and the

underlying white-matter pathways in children with ASD. In

the current study, we tested the hypothesis that self-inju-

rious behaviours would be associated with changes in SI,

medial temporal cortices, cingulate and thalamus, as well

as the thalamocortical pathways.

Methods

Participants

The full ASD cohort included 33 children and adolescents

(mean age = 10.7 ± 2.5 years; range 7–15 years; 29 males;

28 right-handed, two left-handed, three handedness data not

available) with a clinical diagnosis of ASD (Table 1). The

ASD diagnosis was confirmed with the Autism Diagnostic

Observation Schedule–Generic (ADOS-G) (Lord et al. 2000)

and the Autism Diagnostic Interview-Revised (ADI-R) (Le

Couteur et al. 2003). Diagnostic assessments were adminis-

tered by a developmental paediatrician or a clinical psychol-

ogist. All personnel had achieved research-level reliability

with the University of Michigan Autism and Communication

Disorders Center. All ASD participants were healthy, verbal

and had the intellectual capacity to undergo the scanning ses-

sion successfully (IQ = 104.1 ± 18.3). None of the partici-

pants was taking any medication at the time of study. The ASD

cohort was recruited through fliers at the Autism Research Unit

at the Hospital for Sick Children, Toronto, Canada.

The comparison cohort was a group of age-matched

typically developing (TD) children and adolescents

(N = 30, mean age = 10.7 ± 2.5 years; range 7–15 years,

26 males). The majority of the children were right-handed

(N = 22, left-handed = 2; not available = 6), and had a

mean IQ that was higher than the ASD population

(113.6 ± 13.7; Table 1). TD children were not included in

the study if they had a family history of ASD, neurological/

psychiatric disease, or medication usage. The TD children

were recruited through fliers in the hospital or at local

schools and announcements in the Hospital for Sick Chil-

dren newsletter.
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The study was approved by the research ethics board at

the Hospital for Sick Children. Written informed consent

was obtained from parents and adolescents, and informed

assent from the children.

Self-injurious behaviour assessment

Parents of children with ASD completed the Repetitive

Behaviour Scale -Revised (RBS-R) (Bodfish et al. 1999).

This measure was not given to the parents of TD children.

The RBS-R is a standardized questionnaire that has been

independently validated in individuals with ASD (Lam

2007). The questionnaire includes eight statements on

recent (within 1 month) self-injurious behaviour and each

item is rated on a four-point Likert scale ranging from low

(0) to high (3) severity of self-injury (maximum

score = 24). The items from the RBS-R include: (1) Hits

self with body part; (2) Hits self against object; (3) Hits self

with object; (4) Bites self; (5) Pulls (hair or skin); (6) Rubs

or scratches self; (7) Inserts finger or object: eye poking,

ear poking; (8) Skin picking. High scores reflect greater

incidence and/or severity of self-injury.

Parents were also questioned as to the location, fre-

quency, and duration of any reported self-injurious

behaviour. Additionally, parents were asked to rate their

child’s pain reactivity in relation to TD children (low,

typical, high).

Magnetic resonance imaging

High-resolution anatomical images were acquired using a

1.5 T GE Signa Excite III HD 12.0 MRI system (General

Electric Medical Systems, Milwaukee, Wisconsin) with an

8-channel head coil. A T1-weighted 3D fast spoiled gradient

echo (FSPGR) sequence (TR = 9 ms; TE = 4.2 ms) was

used to generate 110 1.5 mm-thick axial slices (256 9 192

matrix, 24 cm field of view). This sequence was followed by a

single-shot echo planar DTI scan using a spin echo sequence

(TR/TE = 10,000/88.7 ms; motion probing gradient in 35

diffusion-encoding directions [b value = 1,000 s/mm2] with

3 non-diffusion-weighted images [b value = 0 s/mm2];

256 9 256 matrix; 0.9375 9 0.9375 mm in-plane resolu-

tion; 3 mm slice thickness).

Cerebral volume, surface area and cortical thickness

measurements and analysis

Anatomical MRIs were preprocessed using a standard

protocol using the automated corticometric iterative vertex-

based estimation of thickness (CIVET) image-processing

pipeline (Lerch et al. 2005). The methods have been

described in detail elsewhere (Lerch et al. 2005). In brief,

the T1-weighted images underwent correction for non-

uniformity artefacts (Sled et al. 1998), were skull stripped

(Smith 2002) and aligned to a common image space

(Collins et al. 1994). Brain tissue was classified into white

matter (WM), grey matter (GM) and cerebrospinal fluid

(CSF) (Tohka et al. 2004; Zijdenbos et al. 2002). For each

image, GM, WM, and CSF volumes were calculated for the

whole brain. Additionally, the surface areas of 16 regions

(bilateral parietal, occipital, frontal, temporal lobes, isth-

mus of the cingulate gyrus, parahippocampal gyrus, cin-

gulate gyrus and the insula) were automatically calculated.

Group differences in GM and WM and total brain vol-

ume were assessed using univariate analyses, controlling

for sex, age, and handedness. The between-group differ-

ences in GM and WM volumes were also assessed con-

trolling for total cerebral volume.

Between-group differences in surface area at a lobar/

regional level were investigated using a MANCOVA,

controlling for age, sex and handedness. The anatomical

delineations of the lobes and regions-of interest have been

described in detail elsewhere (Lax et al. 2013).

For the cortical thickness analysis, the inner and outer

cortical surfaces with 81,924 vertices each were extracted

using partial-volume-effect classification. Cortical thick-

ness was determined in native space using the distance

between the outer and pial surfaces at each vertex. Images

were smoothed (20 mm (Chung et al. 2001)) and non-lin-

early registered to a template surface (Boucher et al. 2009;

Lyttelton et al. 2007).

Cortical thickness analyses were performed using the

Matlab-based program SurfStat (Worsley et al. 2009). A

series of linear models were performed to assess between

group differences (ASD vs. TD) and the relation between

self-injury and changes in cortical morphology. For the

latter analyses, cortical thickness was regressed on self-

injury scores. All analyses controlled for age and sex.

Handedness was also controlled for in the analyses as this

variable has been shown to influence cortical thickness

(Haller et al. 2009; Hamilton et al. 2007).

Table 1 Participant demographics

ASD TD Between-group

comparisons

N 33 30

Sex (male) 29 26 v2 = 0.02, p = 0.9

Handedness 28R 2L 22R 2L v2 = 0.05, p = 0.8

Age 10.7 ± 2.5 10.7 ± 2.5 T = 0.35, p = 0.97

IQ 104 ± 18.3 113.6 ± 13.7 T = 2.2, p = 0.03

The sex and handedness data were tested for independence using

Pearson’s Chi square. Between-group age and IQ differences were

assessed using an independent t test. The alpha level was set at 0.05

for all statistical tests. Handedness information was not available in

three of the ASD (Autism spectrum disorder) and six of the TD

(typically developing) children
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Based on a priori hypotheses, regions-of-interest (ROI)

were manually drawn bilaterally in SI, the entire cingulate

cortices and medial temporal cortices based on anatomical

landmarks. Whole brain and ROI data were cluster cor-

rected for multiple comparisons using Random Field

Theory (RFT; p \ 0.05) (Worsley et al. 1996).

Subcortical measurements and analysis

The entire thalamus and Hirai and Jones thalamic subdi-

visions were automatically segmented by customizing a

high-resolution subcortical atlas derived from serial histo-

logical data (Chakravarty et al. 2006) using a ROI non-

linear registration procedure (Chakravarty et al. 2008). The

subcortical segmentation routine has been validated using

manual gold-standard segmentations, against other auto-

mated segmentation techniques, and intraoperative elec-

trophysiological recordings in humans undergoing

stereotactic neurosurgery (Chakravarty et al. 2008, 2009).

No a priori hypotheses were formulated concerning the

association between self-injury and differences in thalamic

volumes. Therefore, an exploratory partial correlation

analysis (two-tailed), controlling for age, sex and handed-

ness, was used to assess the relation between the volume of

each thalamic nuclei and self-injury scores. Significance

values were set at p \ 0.05.

Diffusion tensor imaging analysis

DTI analyses were performed using both Camino (Cook

et al. 2006) and the FMRIB software library (FSL,

http://www.fmrib.ox.ac.uk/fsl/). Images underwent motion-

and eddy-current effect corrections. Diffusion-weighted

volumes were linearly registered to one non-diffusion

weighted volume using affine transformations (FLIRT)

(Smith et al. 2004), and outlier rejection was accomplished

with the RESTORE algorithm (Chang et al. 2005). Esti-

mated diffusion tensor data were masked to include only

the brain (Smith 2002). To measure overall diffusivity, a

diffusion tensor model was fit to the data at each voxel and

used to calculate voxel-wise FA and mean diffusivity (MD)

values using Camino. Directional diffusivities including

axial diffusivity (diffusivity along the axon; AD = first

eigenvalue, k1) and radial diffusivity (diffusivity perpen-

dicular to the axon; RD = average of second and third

eigenvalues, k2, k3) were also calculated. An increase in

axonal number or size (Hildebrand and Waxman 1984;

Song et al. 2002) and/or reduced interaxonal space (Qiu

et al. 2008; Suzuki et al. 2003; Takahashi et al. 2000) will

result in reduced diffusivity along the axon, reflected in a

decrease in AD. Enhanced myelination will lead to reduced

permeability of the myelin sheath and be reflected in a

decrease in RD (Qiu et al. 2008; Suzuki et al. 2003).

The tract-based spatial statistics (TBSS) pipeline (Smith

et al. 2006) was used to register the FA volumes to a standard

MNI template using non-linear registration (FNIRT), and to

generate a white-matter skeleton running through the centre of

all major white-matter tracts in the brain. This skeleton was

masked using parts of the JHU ICBM-DTI 81 white-matter

atlas (37, Harvard–Oxford cortical structural atlas, for details

see http://www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html)

to isolate the cingulum bundle, posterior limb of the internal

capsule (PLIC) and corona radiata as these are the main white-

matter fibre pathways that connect the cortical and subcortical

regions-of-interest.

The non-linear transformations calculated using the FA

images were then applied to the MD, AD, and RD volumes

to bring them into alignment with the template. Randomize

(FSL) was used to perform voxel-wise statistics on the FA,

MD, AD, and RD volumes for the voxels in the masked

white-matter skeleton, including cluster-size thresholding

at a level of p \ 0.05 and correction for multiple com-

parisons across space. Using this method, these four met-

rics were compared voxel-wise between groups and

correlated with self-injury scores in the ASD group.

Finally, the average FA, MD, AD, and RD values were also

extracted for the entire masked white-matter skeleton.

Results

Self-injurious behaviour assessment

The RBS-R was administered to the parents of 29 children

and adolescents with ASD. Scores ranged from 0 (no self-

injury present in the last month) to 6 (scoring on several

items). High incidence of self-injury (scores \2) was

reported in 12 of the children (mean = 2.31, SD = 1.4).

The 17 remaining children demonstrated low (score of 1)

or no self-injury.

Twelve parents provided details on the location, dura-

tion and frequency of their child’s self-injury. The loca-

tions of the injuries were often over multiple sites or

covered large areas of the body. Facial injuries were

present in four children, hand and arm injuries were per-

formed by 4 children, and a leg injury was present in one

child. The duration of the injuries ranged from 6 months to

over 100 months. Half (6) of these children engaged in

self-injury daily. Of the children who self-injured, seven

were reported by their parents to have low pain reactivity,

four had typical and three were rated to have high pain

reactivity.

As few numbers of the parents provided information on

the duration and frequency of self-injury and their child’s

pain reactivity, only the data from the RBS-R were used for

the subsequent brain imaging analyses.
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Imaging results

T1-weighted anatomical images were successfully acquired

in 58 participants (28 ASD, 30 TD). The mean age of these

participants with ASD was 10.5 (SD = 2.4, 25 males, 3

females; handedness: 24 right, 2 left, 2 data not available).

In the ASD sample only, self-injury scores were acquired

in all participants.

DTI data were acquired in 61 participants (31 ASD, 30

TD). The self-injury scores were available in 27 of these

participants, and the data from one participant were

removed due to excessive head motion (total ASD sample:

23 males, 3 females, mean age (years) = 10.7, SD = 2.6;

handedness: 24 right, 2 left).

Between-groups (ASD vs. TD) analyses

Total cerebral volume Total cerebral volume was not

significantly different between the two groups (F = 0.23,

p = 0.87). Grey (F = 0.04, p = 0.85) and white matter

(F = 0.002, p = 0.96) also did not vary between groups

(F = 0.4, p = 0.96). These results were maintained when

controlling for total cerebral volume (GM: F = 0.01,

p = 0.92; WM: F = 0.14, p = 0.71) and IQ (F = 0.2,

p = 0.8).

Cortical grey matter volume was not significantly different

in the ASD group (686 ± 76 cm3) compared to the TD group

(686 ± 71 cm3). Similar findings were found for white-mat-

ter volume (ASD: 495 ± 42 cm3; TD: 494 ± 61 cm3).

Surface area No main group-effects were seen in the

surface area data for the 16 regions-of-interest (bilateral

parietal, occipital, frontal, temporal lobes, isthmus of the

cingulate gyrus, parahippocampal gyrus, cingulate gyrus

and the insula; F = 1.3, p = 0.26); the results were

maintained when controlling for IQ (F = 1.63, p = 0.1).

Cortical thickness No significant increases or decreases in

cortical thickness were apparent in the between-group

analysis (TD vs. ASD). However, the ASD group showed

trends towards an increase in thickness in the right para-

central lobule (t = 3.52, x = 78 y = -7 z = 6264,

p [ 0.05, corrected) and the left middle frontal gyrus

(t = 3.2, x = -31 y = 21 z = 47, p [ 0.05, corrected). No

significant differences were seen when controlling for IQ.

Subcortical volumes A significant main effect of group

was found when comparing the volumes of the thalamic

nuclei between the TD and ASD children (F = 16.06,

p \ 0.0001). Results were maintained when controlling for

total cerebral volume (TCV; F = 17.01, p \ 0.0001) and

IQ (F = 14.52, p \ 0.0001). The results were driven by

several nuclei that were significantly larger in the ASD

group (bilateral lateral and medial geniculate, anterior,

centromedian, ventroanterior, ventrolateral, and ventro-

posterior nuclei); only the right lateral dorsal nucleus was

larger in controls.

DTI measures No significant main effects of group

(F = 0.7, p = 0.7) were seen when comparing mean FA,

MD, AD, and RD values from the masked white-matter

skeleton between the children with and without ASD; IQ

did not affect these results (F = 0.4, p = 0.95).

Within-group (ASD) analyses

Cortical thickness analysis Within the ASD sample

(n = 28), based on a search of the entire cortical grey

matter, self-injury scores were negatively correlated with

thickness in the right superior parietal (SPL) and right SI

(t = 6.3, p \ 0.0001; p \ 0.05 corrected for multiple

comparisons using RFT; Table 2; Fig. 1). A directed

search in right SI revealed a similar significant negative

correlation in this region (t = 4.4, p = 0.02, corrected) and

also in left SI (t = 4.48, p = 0.004, corrected; Fig. 1).

Similar results were seen when IQ was controlled (right

SPL t = 6.4, p \ 0.0001; right SI t = 4.4, p = 0.02; left

SI t = 3.9, p = 0.004).

The participants’ self-injury scores ranged widely (0–6)

and therefore the data from participants with highest scores

may have unduly influenced the results. Subsequent post

hoc analyses were performed with the data separated into

groups based on the RBS-R scores. Participants with a

score of 0 or 1 (n = 16) were classified as having infre-

quent or low self-injury and those with scores of 2 and

above were classed as frequent or a higher incidence of

self-injury (n = 12). A contrast between the infrequent

(low) vs. more prevalent (higher incidence) self-injury

groups (controlling for age, sex, and handedness) revealed

similar results as the global-cortical search (right SPL:

t = 5.53, p = 0.0005; right SI: t = 4.53, p = 0.004;

p \ 0.05 corrected for multiple comparisons using RFT)

and directed searches in the ROI (right SI: t = 4.53,

p = 0.004; left SI: t = 3.89, p = 0.009, corrected).

The thickness values from left and right SI were

extracted based on the between self-injury group contrast

and a significant main effect was found for group (con-

trolling for age, sex and handedness; right SI: F = 5.24,

df = 1,22, p = 0.032; left SI: F = 6.94, df = 1,22,

p = 0.015, corrected), with thinner cortex in the group

with greater incidence of self-injury. The mean cortical

thickness values and 95 % confidence intervals for left and

right SI in the infrequent (low) and greater incidence (high)

groups are displayed in Fig. 2.
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Subcortical volumetry

Within the ASD group (N = 28), of the thalamic nuclei,

only the volume of the ventroposterior (VP) nucleus was

significantly negatively correlated with self-injury scores

(r = -0.52, p = 0.008); these significant results were

maintained when controlling for IQ (r = -0.58,

p = 0.003). These analyses were largely exploratory and

the association of self-injury scores with that of the vol-

umes of all thalamic nuclei was assessed. Given the large

number of nuclei, this result would not have survived an

adjustment for multiple comparisons. However, these

analyses were conducted to formulate a directed hypothe-

sis, and a subsequent search in the left VP nucleus was

conducted in a post hoc analysis.

A between self-injury group (low/no self-injurious

behaviour vs. self-injurious behaviour) univariate analyses

revealed that children with greater incidence (higher) self-

injury scores had significantly smaller left VP nuclei in

comparison to children who had no or very low self-injury

scores (F = 6.52, p = 0.018; Fig. 3).

DTI measures

The data from 26 individuals were included in these

analyses. A significant negative correlation of self-injury

Table 2 Self-injury is associated with thinner cortex in somatosen-

sory brain areas cortical thickness data were regressed against self-

injury scores (converted to negative values to produce positive

results), controlling for age, sex, and handedness. Coordinates are in

the space of the Montreal Neurological Institute (MNI; Collins et al.

1994)

ASD within group analyses (correlation with self-injury scores)

Brain region Side x y z P t Vertices

Global Search

Superior parietal lobule Right 11 -51 74 \0.0001 6.30 420

Directed search

Primary somatosensory cortex Right 11 -45 75 0.02 4.4 11

Left -56 -18 53 0.004 4.48 25

Data were corrected for multiple comparisons using Random Field Theory (p \ 0.05)

Fig. 1 Top Entire grey matter, vertex-based cortical thickness

analysis (corrected p map): corrected p values demonstrating regions

significantly decreased in relation to self-injury scores, controlling for

age, sex and handedness and corrected for multiple comparisons using

Random Field Theory (p \ 0.05). Children with high self-injury

scores had decreased thickness in the right superior parietal lobule

(SPL)/primary somatosensory cortex (SI). Bottom Directed search in

SI. Increased self-injury was associated with decreased thickness in

SI. The colour bar indicates corrected p values for significant peaks at

the cluster- (right; light blue–dark blue) and vertex-levels (left; red–

orange)

Fig. 2 Mean cortical thickness values from the left and right primary

somatosensory cortices (SI) in the children with no or low self-injury

(left) in comparison to those who had greater incidence and/or

severity of self-injurious behaviours. Results indicate that those with

high self-injury scores have thinner cortical thickness in SI. Error

bars = 95 % confidence interval of the mean cortical thickness

1256 Brain Struct Funct (2014) 219:1251–1261

123



scores and FA was found in the territory of the left PLIC

(r = -0.4, p = 0.04). Additionally, significant positive

correlations among self-injury scores and MD (r = 0.5,

p = 0.03) were found in this region. Self-injury scores also

positively correlated with RD values in the bilateral pos-

terior limbs of the internal capsule (left: r = 0.5, p = 0.02;

right: r = 0.5, p = 0.009) and corona radiata (left:

r = 0.6, p = 0.005; right: r = 0.5, p = 0.009). None of

these results was impacted when controlled for IQ (left

PLIC: FA r = -0.4, p = 0.045; MD r = 0.5, p = 0.03

RD r = 0.5, p = 0.03; right PLIC: RD r = 0.5, p = 0.01;

left corona radiata RD r = 0.5, p = 0.02; right corona

radiata RD r = 0.6, p = 0.009).

A subsequent between self-injury groups (infrequent

n = 12; greater incidence n = 14) analysis revealed a

significant main effect for group (F = 3.3, p = 0.03).

However, only trends towards decreased FA (F = 4.06,

p = 0.057) were seen in the left PLIC in children with

greater self-injury scores and increased RD in the right

corona radiata (F = 3.99, p = 0.059).

A slightly greater number of individuals with ASD had

low or no previous incidence of self-injury in comparison

to those who showed higher incidence. The within-group

analyses were repeated using non-parametric statistics and

showed similar results.

Discussion

The influence of self-injury on cortical and subcortical grey

matter and white matter was assessed in children and

adolescents with ASD. Greater self-injury scores were

associated with thinner cortex in the SPL and bilateral SI.

Furthermore, decreased volume of the left primary

somatosensory relay nucleus (VP nucleus) of the thalamus

was also found to be associated with greater incidence of

self-injury. Lastly, lower FA and higher MD values were

found in the left PLIC in children who had greater inci-

dence of self-injury; this white-matter pathway contains the

afferent fibres from the VP nucleus to SI. Also greater

incidence of self-injury was positively correlated with RD

values in the bilateral PLIC and corona radiata. Findings

indicate that repetitive injury is associated with alterations

in the somatosensory system. These preliminary results

may be reflective of use-dependent plasticity as a result of

noxious-stimulus induced changes in the somatosensory

system caused by repetitive bodily harm. Alternatively,

children who self-injure may have pre-existing abnormal-

ities in the somatosensory system due to altered develop-

ment in these areas. Longitudinal studies in children who

self-injure are needed to determine which of these alter-

natives best explains these effects.

Cortical grey and white matter in ASD and TD children

In the current study, measures of total cerebral volume,

GM, WM, surface area, and cortical thickness did not differ

between the ASD and TD groups. This is somewhat

inconsistent with previous findings, as others have reported

differences in total cerebral volume, GM and WM. How-

ever, these results were more pronounced in young children

(Aylward et al. 2002; Carper and Courchesne 2005; Carper

et al. 2002; Courchesne 2004; Hardan et al. 2001) and the

lack of difference in brain volume may be explained by the

large age range of the participants, and that their mean age

was over 10 years.

Previous studies examining indicators of alterations in

surface area included analysis of gyrification indices, sulcal

location and depth have indicated atypicalities in children

with ASD (Hardan et al. 2004; Nordahl et al. 2007) or were

based on a ROI analysis (Doyle-Thomas et al. 2012). As

the results of the current study were based on a whole brain

analysis, the lack of alterations in surface area may be

reflective of differences in analytic methods.

Both decreased (Hadjikhani et al. 2006; Scheel et al.

2011; Wallace et al. 2010) and increased (Hyde et al. 2010)

cortical thicknesses have been reported in adults with ASD

in comparison to TD individuals. Few studies have exam-

ined cortical thickness changes in children and adolescents

with ASD. We have found steeper decreases in reported

decreased thickness with age in the frontal and parietal

lobes for the ASD group (Mak-Fan et al. 2012), such that

thickness was greater in the younger ages (under 10 years

of age) and tended to be thinner in the mid teen-aged years,

Fig. 3 Mean thalamic volume in the left and right ventroposterior

nuclei for children with no/low (red) and high (blue) incidence of

self-injurious behaviour. Asterisk significant at p \ 0.05
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consistent with studies of either older or younger children

(Hardan et al. 2006b; Misaki et al. 2012). Others have

reported decreased thickness in specific regions of the

temporal and occipital lobes (Scheel et al. 2011; Wallace

et al. 2010) in adolescents and young adults, with other

brain regions showing little developmental change in

individuals with ASD (Raznahan et al. 2010; Scheel et al.

2011).

DTI measures of whole brain FA, MD, AD, and RD also

did not differ between groups. To date, few studies have

examined alterations in white-matter fibre pathways in

children with ASD. One older study reported in a sample of

seven children and adolescents reduced FA in ASD in

regions throughout the brain (Barnea-Goraly et al. 2004).

Another study with a larger sample (n = 19) found greater

changes in children compared to adolescents with ASD

(Ameis et al. 2011). Age effects in DTI measures could be

a focus of a future, larger study.

Thalamic volumes in children with ASD

Previous investigation of the volume of the entire thalamus

in individuals with ASD identified a reduction in compar-

ison to controls when controlling for total cerebral volume

(Tamura et al. 2010; Tsatsanis et al. 2003), while other

reports found no differences in thalamic volumes in their

sample (Gaffney et al. 1989; Hardan et al. 2006a). In the

current study, thalamic volumes were larger in the ASD

than TD children. The differences in findings may have

been related to the age of the participants, as the two

previous studies included participants with a wide age

range (8–45 years), while our age range was comparatively

narrow (6–15 years). In combination with these prior

findings, our data may add credence to the early over-

growth hypothesis in ASD where cortical and subcortical

structures have an increase in neuronal number in child-

hood that then undergo a more rapid age-related loss

(Courchesne 2001, 2003, 2004, 2011; Courchesne and

Pierce 2005). Future cross-sectional or longitudinal studies

are necessary to address the developmental time course of

the thalamus in ASD.

Self-injury is associated with reduced thickness

in cortical-somatosensory areas in children with ASD

Children who had high self-injury scores had decreased

thickness in the right superior parietal lobe (SPL) and

bilateral primary somatosensory cortices in comparison to

children with low or no self-injury. The posterior parietal

cortices mediate many aspects of somatosensation such as

bodily spatial awareness, sensorimotor integration and

attention, and also motor planning (Freund 2001). Lesions

to the posterior parietal cortex result in deficits in

sensorimotor integration and object-directed behaviours

(Freund 2003; Wolpert et al. 1998). In relation to the

current findings, repetitive injury may result in augmented

somatosensory awareness such that proprioceptive and

tactile stimuli are actively sought. In other sensory

domains, children with ASD will scratch surfaces to induce

sounds or seek/create multiple visual stimuli (e.g. crossing

fingers in front of eyes) (Ornitz 1974). In a larger sample of

children and adolescents with ASD (N = 241), atypical

sensory processing was the largest predictor of self-injury

(Duerden et al. 2012) indicating that some parietal lobe-

mediated processes may be altered in children with ASD

who self-injure. Future studies focussing on the influence

of altered sensory processing on self-injury in relation to

parietal lobe function and structure are warranted.

Bilateral SI exhibited decreased cortical thickness in the

children with higher self-injury scores. The location of the

decrease in the left hemisphere was primarily in the hand

region of SI, while the right-sided decrease was located in

the leg area. Potentially, these findings may reflect possible

somatopographical alterations in thickness as a result of

self-injury. The neurons of SI contain small receptive fields

that result in a fine somatotopic organization of body part

representations (Kaas et al. 1979; Merzenich et al. 1978;

Penfield and Boldrey 1937; Pons et al. 1985). The results of

the current study may be an example of plasticity in the

somatosensory system due to overuse as seen in individuals

with writer’s cramp (Delmaire et al. 2007). Alternatively,

these changes may also be a result of repeated exposure to

noxious insult. Repeated painful stimulation in healthy

participants has resulted in somatotopically discrete chan-

ges in brain morphology in SI (Teutsch et al. 2008). Fur-

thermore, hours of crossed-legged meditation practice,

which can be perceived as painful, was associated with

increased thickness in SI in the leg area (Grant et al. 2010).

In the current study, the location of the injuries was not

consistently localized on the body making it difficult to

draw parallels with these other findings; another consid-

eration is that due to the effects of smoothing the cortical

thickness data (20 mm) and possible registration errors, the

alterations in thickness may not be somatotopically spe-

cific. Much larger patient samples and individual analyses

would be required to address these issues.

Self-injury is associated with reduced thalamic

volumetry

Higher self-injury scores were associated with reduced

volume of the VP nucleus of the thalamus, which may

reflect a role for the thalamus in more general sensory

interests and motor behaviour seen in children with ASD.

An additional consideration is that this nucleus is the pri-

mary relay site for SI and somatosensory association
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cortices (Zhang et al. 2001). These results indicate that

self-injurious behaviour may lead to structural changes

localized to cortical and subcortical somatosensory pro-

cessing regions.

Previous volumetric studies reported a lack of linear

correlation between the volume of the thalamus and that of

the entire cerebrum in individuals with ASD (Hardan et al.

2006a; Tsatsanis et al. 2003), which were interpreted to

indicate a deficit or disruption in thalamocortical connec-

tions. In this previous work, self-injury was not specifically

assessed and general stereotyped behaviours did not cor-

relate with the volume of the thalamus. However, the

volume of each thalamic nucleus was not considered in the

analyses making it difficult to compare these results with

that of the current study.

White-matter disturbances associated with self-injury

Children with high self-injury scores had lower FA and

higher MD in the territory of the left PLIC. More severe

self-injury scores were positively correlated with RD val-

ues in the bilateral PLIC and corona radiata. Given the

findings in bilateral SI and VP nucleus, the alterations in

these pathways may indicate a disruption in thalamocorti-

cal white-matter fibre pathways, which is more pronounced

on the left (subserving the dominant hand in most cases).

Thakkar et al. (2008) examined the relation between

repetitive behaviours and DTI measures in high-function-

ing adults with ASD. The authors reported decreased FA in

the territory of the paracentral gyrus that extended into SI.

However, these changes were not associated with displays

of repetitive behaviours. The discrepancy in between their

results and the current study may be due to the difference in

age of the participants. Additionally, Thakkar et al. (2008)

did not examine changes in other DTI measures such as

individual eigenvalues (i.e. AD and RD) that can provide

more detailed information on the types of changes being

observed in the white matter in individuals who self-injure.

In the present study, in addition to FA, RD, and AD

were assessed in relation to self-injury scores. While the

biological basis of increased RD still remains uncertain, its

measure is reflective of the diffusion of water molecules

running perpendicular to the axon sheath. Therefore, the

increased RD values in self-injurers may be due to changes

in the upregulation of ion channels leading to increased

membrane permeability and a reduced axonal calibre. The

increase in RD coupled with no change in AD values may

indicate myelin loss in the children who self-injure, rather

than a change in axonal number (Hüppi et al. 1998). For

example, an animal model of dysmyelination showed

increased RD, not AD, and was therefore believed to point

towards myelin loss rather than the destruction of axons

(Song et al. 2002).

Conclusions

Findings indicate that self-injury in children with ASD is

associated with reduced grey matter in the right superior

parietal lobe, a brain region involved in internal awareness,

and also in bilateral SI, which processes tactile and noci-

ceptive input. Additionally, these findings extended to

reduced volume in the left VP nucleus, which sends

somatosensory afferents to SI, as well as atypicalities in the

thalamocortical projections involved in relaying somato-

sensation. This constellation of structural brain changes may

be a result of use-dependent changes combined with nox-

ious-stimulus induced alterations. While in the current study,

it was not possible to determine whether altered pain reac-

tivity was associated with alterations in the somatosensory

system, this issue could be addressed in future work.

The actual causal relations between injury and brain

structure and whether these effects would be seen only in

individuals with ASD remain uncertain. Due to genetic or

environmental factors, it is possible that children with ASD

may have greater maturational abnormalities that lead to

atypical structure of the somatosensory system. Future

longitudinal studies with larger samples are needed to

better understand this complex brain-behaviour association

in this high-risk population.
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