
 

1 

Reduced volume of the arcuate fasciculus in adults with high-1 

functioning autism spectrum conditions 2 

 3 

Rachel L. Moseley
1,2,3,4

, Marta M. Correia
2
, Simon Baron-Cohen

4,5
, Yury Shtyrov

2,6,7
, 4 

Friedemann Pulvermüller
2,8 

and Bettina Mohr
9  

5 

 
6 

1
Bournemouth University, Dorset, UK. 7 

2
Medical Research Council Cognition and Brain Sciences Unit (MRC CBU), Cambridge, 8 

UK. 9 

3 
Brain Mapping Unit, Department of Psychiatry, University of Cambridge, Cambridge, UK. 10 

4
Autism Research Centre, Department of Psychiatry, University of Cambridge, Cambridge, 11 

UK. 12 

5
Cambridge Lifespan Asperger Syndrome Service (CLASS) clinic, Cambridgeshire and 13 

Peterborough National Health Service Foundation Trust, Cambridge, UK. 14 

6
Centre of Functionally Integrative Neuroscience, Institute for Clinical Medicine, Aarhus 15 

University, 8000 Aarhus C, Denmark. 16 

7
Centre for Cognition and Decision Making, NRU Higher School of Economics, Moscow, 17 

Russia.  18 

8
Brain Language Laboratory, Freie Universität Berlin, Berlin, Germany.  19 

9
Department of Psychiatry, Charité – Universitätsmedizin Berlin, Campus Benjamin 20 

Franklin, Berlin, Germany. 21 

 22 

Corresponding author : R. L. Moseley, rmoseley@bournemouth.ac.uk  23 

Bournemouth University, Poole, Dorset BH12 5BB, UK. 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 



 

2 

 35 

Atypical language is a fundamental feature of autism spectrum conditions (ASC), but few 36 
studies have examined the structural integrity of the arcuate fasciculus, the major white 37 
matter tract connecting frontal and temporal language regions, which is usually implicated as 38 

the main transfer route used in processing linguistic information by the brain. Abnormalities 39 
in the arcuate have been reported in young children with ASC, mostly in low-functioning or 40 
non-verbal individuals, but little is known regarding the structural properties of the arcuate in 41 
adults with ASC or, in particular, in individuals with ASC who have intact language, such as 42 
those with high-functioning autism or Asperger syndrome. We used probabilistic 43 

tractography of diffusion-weighted images (DWI) to isolate and scrutinise the arcuate in a 44 
mixed-gender sample of 18 high-functioning adults with ASC (17 Asperger syndrome) and 45 
14 age- and IQ-matched typically-developing controls. Arcuate volume was significantly 46 

reduced bilaterally with clearest differences in the right hemisphere. This finding remained 47 
significant in an analysis of all male participants alone. Volumetric reduction in the arcuate 48 
was significantly correlated with the severity of autistic symptoms as measured by the 49 
Autism-Spectrum Quotient. These data reveal that structural differences are present even in 50 

high-functioning adults with ASC, who presented with no clinically manifest language 51 
deficits and had no reported developmental language delay. Arcuate structural integrity may 52 
be useful as an index of ASC severity and thus as a predictor and biomarker for ASC. 53 
Implications for future research are discussed.  54 

 55 
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 74 

1. Introduction 75 

Communication impairments are archetypal of autism spectrum conditions (ASC), 76 
with delayed or absent language development the primary cause of concern and referral in 77 
many cases (De Giacomo and Fombonne, 1998; Siegel et al., 1988).  A significant proportion 78 
of individuals with ASC will remain minimally verbal into adulthood (Howlin et al., 2014; 79 
Pickles et al., 2014), sometimes presenting with limited to non-speech sounds,  stereotyped 80 

use of a few words or phrases, and echolalia. Even high-functioning individuals with ASC 81 
exhibit a broad range of abnormalities across several major linguistic domains, including 82 
prosody, syntax, semantics, and pragmatics (Eigsti et al., 2011; Moseley et al., 2013, 2014, 83 
2015). Although the diagnosis of Asperger syndrome (DSM IV-TR: (American Psychiatric 84 

Association, 2000)), one of the major variants of ASC, was previously given on the basis of 85 
the absence of any delay in language development, these individuals may also show receptive 86 
and expressive language skills at “well below chronological age level” (Howlin, 2003). They 87 
are particularly noted for their use of idiosyncratic, pedantic language, which Hans Asperger 88 

described in his “little professor” patients (Asperger, 1944). This particular feature may be 89 
the linguistic expression of difficulties with ‘theory of mind’ (inaccurately assessing the 90 
knowledge of their listeners), and ‘weak central coherence’ (providing irrelevant and 91 

uninformative detail rather than summarizing the ‘gist’ of the matter). These two cognitive 92 
accounts are not easily disentangled in the domain of communication, as including too much 93 
detail and failing to summarise the wider picture may arise because of a failure to monitor 94 

and recognise the listener’s informational needs (Baron-Cohen, 1988). Nevertheless, the 95 
neuronal basis of language difficulties in ASC, which seem to affect all linguistic levels 96 

(phonological, lexical, syntactic, semantic and pragmatic), requires further study.  97 

A major white matter tract traditionally implicated in language impairments is the 98 
arcuate fasciculus (Ardila, 2010; Catani and Ffytche, 2005; Geschwind, 1965). The properties 99 

of this frontotemporal fibre bundle distinguish language-using humans from other non-100 
linguistic primate species (Catani and Ffytche, 2005; Glasser and Rilling, 2008; Rilling et al., 101 

2008; Saur et al., 2008). It consists of a longer, direct segment connecting Wernicke’s area to 102 
Broca’s area, and two indirect segments: an anterior part linking Broca’s area with the 103 

inferior parietal lobule and a posterior part linking inferior parietal lobule with the superior-104 
temporal gyrus and sulcus (Wernicke’s area) (Bernal and Altman, 2010; Bernal and Ardila, 105 
2009; Catani and Mesulam, 2008).  106 

Like language function itself, the arcuate is believed to be left-lateralised in the 107 

majority of adults (Catani et al., 2007) and children (Lebel and Beaulieu, 2009). The 108 
relationship between structural lateralisation of the arcuate and functional lateralisation of 109 

language is not always transparent (Propper et al., 2010; Vernooij et al., 2007), but its 110 
structural properties correlate with behavioural measures of language function, such as word 111 
learning (López-Barroso et al., 2013), verbal recall (Catani et al., 2007) and the development 112 
of phonological awareness and reading (Yeatman et al., 2011). Although most brain language 113 
models assume that the arcuate plays a role in translating acoustic into articulatory linguistic 114 

representations (Geschwind, 1965; Hickok and Poeppel, 2004, 2007; Wernicke, 1874), 115 
current action-perception theories of language additionally purport that the arcuate is crucial 116 
for building linguistic representations at all levels (phonological, lexical, syntactic, semantic 117 
and pragmatic (Pulvermüller and Fadiga, 2010)). This position suggests AF degradation as a 118 

likely cause of multi-level language and communication deficits such as those manifest in 119 
ASC. 120 
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Despite the linguistic relevance of this tract and the prominence of language 121 
impairments in ASC diagnosis, few studies have examined the arcuate fasciculus structurally 122 
in autism. White matter integrity can be studied non-invasively in vivo using diffusion-123 
weighted imaging (DWI), which illuminates the microstructure of white-matter tracts by 124 
detecting the diffusion of water through brain tissue (Alexander et al., 2007).  125 

Only four previous DWI studies investigated arcuate structure in autistic children in 126 
mixed gender groups. Two reported a lack of typical left-hemispheric asymmetry as 127 
compared to typically-developing controls (Joseph et al., 2014; Wan et al., 2012). Another 128 
two reported reduced fractional anisotropy (FA) in the left arcuate fasciculus when children 129 

with ASC are compared to typically developing controls (Kumar et al., 2010; Lai et al., 130 
2012a). As Kumar and colleagues also included a comparison group of non-autistic children 131 
with intellectual disability, they showed that longer fibre length of the right arcuate fasciculus 132 

set the ASC group apart from both comparison groups. Ingalhalikar et al. (2011) studied an 133 
ASC group consisting of children with mixed language abilities, including language-impaired 134 
participants and those in the normal range. They reported reduced fractional anisotropy not in 135 
the arcuate but, instead, in the adjacent parts of the superior longitudinal fasciculus, a 136 

linguistically important connection between inferior-frontal and temporo-parietal cortical 137 
areas. This finding must be interpreted with caution as it pertains to a more inclusive pathway 138 
of which the arcuate is a single part: the superior longitudinal fasciculus contains connections 139 
between the frontal, parietal, occipital, and temporal lobes (Schmahmann and Pandya, 2006), 140 

the arcuate being sometimes defined as the ‘long segment’ connecting Broca’s and 141 
Wernicke’s areas (Liégeois et al., 2013). A fuller description of these studies can be seen in 142 
Supplementary Materials.  143 

It is difficult to interpret the findings above as, with the exception of Ingalhalikar et. 144 
al (2011), IQ in typically developing and ASC groups was unmatched or even unreported, 145 

despite the effects of this variable on white matter microstructure (Penke et al., 2012). 146 
Furthermore, some of these findings were obtained from non-verbal children, such that their 147 

specificity to language or to ASC in general remains unclear. To elucidate this specificity 148 
further, it would be important to study people with ASC who have intact language. To our 149 
knowledge, only two tractography studies to date have examined the arcuate in adolescents 150 
with high-functioning autism or Asperger syndrome. Whilst one study (Fletcher et al., 2010)  151 

revealed a lack of the typical structural lateralisation that corroborates the previous work by 152 
the Wan and Joseph groups, the other found no differences at all (McGrath et al., 2013) (see 153 
Supplementary materials for further details). These authors of the latter study note that they 154 
may have only analysed a partial segment of the arcuate. This leaves open the question as to 155 

whether this or the high verbal ability of their participants resulted in the lack of 156 
differentiation between groups.  157 

Given the small number of studies in this area and the limitations of previous work, 158 
the nature of putative structural changes to the arcuate fasciculus in autism is still largely 159 
unknown. Existing findings are divergent and sometimes contradictory, and this 160 
heterogeneity might have several sources. Previous studies have employed rather 161 
heterogeneous groups, differing in sex, age and symptom severity. For example, the age 162 

range (and hence cognitive and general developmental stage) differs substantially from 5 163 
(Joseph et al., 2014) to 14 years (Fletcher et al., 2010), making it difficult to compare data 164 
between studies. Moreover, childhood and adolescence are developmental periods involving 165 
substantial changes in structural and functional connectivity of the brain (Asato et al., 2010; 166 

Barnea-Goraly et al., 2005; Fair et al., 2009; Mukherjee et al., 2002; Nagy et al., 2004), 167 
which might be another reason for lack of arcuate difference in the McGrath study (McGrath 168 
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et al., 2013). Even children of the same chronological age can show large differences in 169 
cognitive and social development (Fischer and Silvern, 1985), let alone those from such 170 
different age groups. Structural brain anatomy (including asymmetry) is modulated by 171 
biological sex in both typically-developing individuals (Bao and Swaab, 2011) and those with 172 
ASC (Lai et al., 2012b, 2013), which also has to be taken into account in any 173 

neuroanatomical study. Furthermore, many of the above studies (Ingalhalikar et al., 2011; Lai 174 
et al., 2012a; Wan et al., 2012) tested children who were very low functioning with severely 175 
impaired language and very low verbal IQ. We therefore cannot ascertain whether these 176 
reported arcuate differences in low-functioning autism would be seen in children with autism 177 
who are verbal, or only related to being non-verbal. In fact, Fletcher et al. (Fletcher et al., 178 

2010) failed to replicate these results in their sample of teenagers with ASC who had average 179 
full-scale and verbal IQ. Finally, the arcuate in an adult population of people with ASC have 180 

not been examined.  181 

To fill these gaps, we aimed to investigate arcuate connectivity in a homogenous 182 
group of high-functioning adults with ASC who did not show any intellectual disability or 183 
obvious language impairments. This group has been understudied in terms of structural 184 

differences in language-related fibre tracts. It is of interest to examine whether this 185 
population shows atypical features similar to those seen in individuals with clear language 186 
delays and deficits, which could then be attributed to core features of ASC rather than to the 187 
obvious language impairments manifest in the latter group. As individuals with Asperger 188 

syndrome show subtle linguistic abnormalities (Boucher, 2003; Eigsti et al., 2011), 189 
differences in the structural architecture of language can predicted in this population. Based 190 
on previous findings, we were interested in measures of cortical asymmetry of the arcuate 191 

and in any differences in fractional anisotropy, mean diffusivity and volume between highly 192 

verbal adults with and without ASC. Expecting that microstructural differences of the arcuate 193 
might appear even in this high-functioning population, we also examined correlations 194 
between DWI measures and the Autism-Spectrum Quotient (AQ: Baron-Cohen et al., 2001), 195 

a measure of autistic traits, to see whether a dimensional relationship exists between autistic 196 
traits and arcuate structure. 197 

 198 

2. Methods 199 

2.1 Participants 200 

Participants included 18 adults (mean age: 30.39 [standard deviation (SD): 9.99]; 10 201 

males) with high-functioning autism or Asperger syndrome and 14 neurotypical adults (mean 202 
age: 27.64 [SD: 11.28]). All participants were right-handed, native monolingual English 203 
speakers, medication-free, and none had a history of neurological disorder. Handedness was 204 
assessed using the Edinburgh Handedness Inventory (Oldfield, 1971), and IQ using the 205 
Cattell Culture Fair test . Demographics for all measures are shown in Table 1 (see Results). 206 

All subjects were verbally fluent without any obvious clinical manifestations of language 207 
abnormalities, although were previously shown to exhibit subtle differences in semantic 208 
processing under experimental conditions (Moseley et al., 2013, 2014, 2015). In the ASC 209 
group, participants demonstrated a high degree of functional adaptation, as indicated by their 210 
employment status. Ten participants were employed, 5 were studying at University and only 211 

3 participants were unemployed. All participants had completed full time education. 212 
 213 

The ASC sample was recruited from the volunteer database at the Autism Research 214 
Centre at Cambridge University (www.autismresearchcentre.com). They had all been 215 

http://www.autismresearchcentre.com/
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previously clinically diagnosed using DSM-IV criteria: 17 met criteria for Asperger 216 
Syndrome, and one for PDD-NOS (pervasive developmental disorder not otherwise 217 
specified). All completed the AQ. To account for the heterogeneity in our sample introduced 218 
by biological sex, a secondary analysis included only the 10 males in each group.  219 

All participants gave written informed consent prior to participating in this study, 220 
indicating that they understood its purpose and were willing for their data to be included (in 221 
anonymous form) in scientific reports. They were remunerated for their time. Ethical 222 
approval was provided by NHS Research Ethics Committee of Cambridgeshire. 223 

 224 

2.2 Imaging and statistical analysis 225 

Participants were scanned in a 3T Tim-Trio scanner, using a 12-channel head-coil. 226 

Whole brain DWI data was acquired (Repetition Time (TR) = 7800 ms, Echo Time 227 
(TE) = 90 ms, field of view: 19.2 cm, slice thickness: 2 mm, 63 slices, acquisition matrix 228 
size: 96 × 96, voxel size: 2 × 2 × 2 mm

3
, GRAPPA acceleration factor of 2) using a twice 229 

refocused spin echo sequence to reduce eddy currents (Reese et al., 2003). Diffusion 230 
sensitising gradients were applied along 64 gradient directions with a b-value of 1000 mm

2
/s. 231 

A high resolution T1-weighted MPRAGE  scan  was also acquired (TR = 2250 ms, 232 

TE = 2.99 ms, field of view: 256x240 mm, slice thickness: 1 mm, 192 slices, GRAPPA 233 
acceleration factor of 2). 234 

For the purpose of estimating global white matter and intracranial volume (ICV) in 235 
participant MPRAGE (T1-weighted) files, preprocessing and segmentation of white and grey 236 

matter was performed using Freesurfer (Fischl, 2012), a well-documented analysis tool freely 237 

available online (http://surfer.nmr.mgh.harvard.edu). ICV was calculated by the automated 238 
‘eTIV’ process within the mri_segstats function, which derives ICV through brain atlas 239 
normalisation procedures that calculate head size (Buckner et al., 2004).  240 

Motion parameters were extracted for each DWI volume for all participants using 241 

FSL’s motion and eddy current correction function eddy_correct (www.fmrib.ox.ac.uk/fsl), 242 
and any participants who moved more than 2mm in any direction were excluded. The 243 

diffusion weighted volumes were also visually inspected for typical motion artefacts (e.g. 244 
striping), but no further participants needed to be removed for this reason.  245 

 246 
In order to check whether there was a different in the amount of motion between the 247 

two groups (patients vs. controls), a summary measure of motion was determined using the 248 
root mean square (RMS) volume of the 6 parameters describing the rigid body movement (3 249 
translations and 3 rotations). This summary measure was calculated both in absolute terms 250 
(i.e., using the firstly acquired volume as a reference), giving a global measure of head 251 
motion, and also relative to the preceding volume, giving a measure of the head motion 252 

between volumes. The average relative head displacement between volumes was 0.55 mm for 253 
the controls, and 0.58 mm for the ASC participants, while the average absolute displacement 254 
was 1.47 mm for the controls and 1.54 mm for ASC patients. There was no significant 255 
difference between groups (p=0.47 for absolute displacement and p=0.55 for relative 256 
displacement). The maximum relative and absolute displacement for each subject were also 257 

compared across groups and again no difference was found (p=0.96 for absolute 258 
displacement and p=0.41 for relative displacement). 259 

Preprocessing and analysis of the diffusion-weighted images (DWI) was conducted 260 
using MRtrix (J-D Tournier, Brain Research Institute, Melbourne, Australia, 261 

http://www.fmrib.ox.ac.uk/fsl
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http://www.brain.org.au/software/), and the full analysis was performed in subject-space.   262 
Initially, images were converted from DICOM to MRtrix (.mif) format. A brain-mask with 263 
the same dimensions as the diffusion dataset was generated for each participant for use in 264 
further analysis, and these were checked against the original DWI images in order to 265 
determine whether any manual edits of the mask were required.  The diffusion tensor model 266 

was then fitted to the DWI data, and a map of fractional anisotropy (FA) was generated for 267 
each subject.  268 

The arcuate was reconstructed using probabilistic fibre-tracking based on constrained 269 
spherical deconvolution (CSD) (Jeurissen et al., 2011). The majority of previous diffusion 270 

MRI studies in ASC have used diffusion tensor imaging (DTI) to reconstruct white matter 271 
bundles of interest. However, a well known limitation of this approach is its inability to 272 
account for crossing fibres in the brain, and the CSD approach was therefore chosen in order 273 

to overcome this limitation. CSD is a very powerful tractography technique which is able to 274 
trace white matter bundles across regions of crossing fibres, while keeping the total 275 
acquisition time manageable for the patients (~10 min). Other crossing-fibre reconstruction 276 
techniques, such as diffusion spectrum imaging (DSI), require significantly greater imaging 277 

times (>30min), which makes them unsuitable for patient studies due to the increased 278 
discomfort this would impose.  279 

The fibre orientation distribution function was estimated for each voxel, and a 280 
probabilistic fibre-tracking algorithm was used (Jeurissen et al., 2011). Probabilistic 281 
algorithms are regarded as less sensitive to noise or artefacts, and better able to account for 282 

uncertainty and to reconstruct areas of crossing fibres (Behrens et al., 2007; Klein et al., 283 
2010). The masking and editing tool included in FSLview (Jenkinson et al., 2012) was used 284 

to draw seed and target regions of interest (ROIs) in the right and left hemisphere of each 285 
participant in native space (see Figure 1). The ROI drawing procedures implemented 286 

followed protocol for dissecting the arcuate fasciculus which were published by Liégeois et 287 
al. (2013), although for both ROIs we used two slices instead of three.  Initially, a seed ROI 288 

was placed on two coronal slices at the so-called arcuate “bottleneck”: an anterior-posterior 289 
orientated fibre tract lateral to the corona radiata and medial to the cortex (see Figure 1, A). 290 
All fibres must pass through this point to reach their destination, and so fibres were 291 
reconstructed between this seed and a second “inclusion” ROI, which was placed on two 292 

slices in the axial plane, corresponding to superior temporal gyrus (see Figure 1, B). Only 293 
tracks which passed through this ROI were included. From these tracks, high-resolution 294 
track-density images (TDI) were generated and examined for spurious fibres. These were 295 
removed by manually creating exclusion ROIs and repeating the tracking protocol. The 296 

following exclusion ROIs were used when necessary: (1) an axial ROI to exclude descending 297 
cortico-spinal tracts; (2) an axial ROI above the AF to exclude ascending cortical tracts; (3) a 298 
coronal or sagittal ROI to exclude tracts belonging to the inferior longitudinal fasciculus; and, 299 

(4) a sagittal ROI to exclude tracts crossing between the hemispheres. All ROIs were drawn 300 
by RM, and subsequently checked and adjusted if necessary by MMC.  301 

 302 

INSERT FIGURE 1 HERE 303 

 304 

With spurious or curling fibres removed, we thresholded the track-density images 305 

with an absolute intensity of 0.001 (see Figure 1, C). This thresholded output was then used 306 
as a mask to run the ‘mrstats’ function, which calculated the volume of (number of voxels in) 307 
the binary arcuate fasciculus mask. The AF masks were also used to calculate average FA 308 

http://www.brain.org.au/software/
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and MD along this tract for every participant. The former is a common indicator of 309 
microstructural integrity which reflects the degree of anisotropy in brain tissue: whilst low 310 
FA values indicate that diffusion of water molecules is restricted or unrestricted in all 311 
directions, higher values reflect diffusion that is highly directed along one axis. Mean 312 
diffusivity (known as apparent diffusion coefficient in some publications (Kumar et al., 313 

2010), which contributes to the calculation of FA, reflects the trace of the tensor, and the 314 
magnitude of diffusion (Alexander et al., 2007).  315 

 316 

The values for each participant were then entered into a statistical programme (SPSS 317 
v.21) for analysis. One-level ANOVAs were initially performed to look for differences in 318 
participant demographics like age, IQ or handedness that might influence arcuate structure. 319 

Volume and FA of the arcuate were analysed in two two-level ANOVAs with the factors 320 
Group (ASC versus Controls) and Hemisphere (left versus right hemisphere). Finally, we 321 
performed Pearson correlations to examine the relationship between FA, volume, and autistic 322 
traits (AQ scores).  323 

 324 

3. Results 325 

3.1 Pre-experiment group differences 326 

Participant demographics and statistically significant group differences are reported in 327 

Table 1. 328 

 329 

INSERT TABLE 1 here 330 

 331 

The two groups did not differ significantly in age, handedness or IQ, such that 332 

differences in arcuate structure could not be related to any of these variables. Though the 333 
ASC group were less strongly right-handed than controls, this was non-significant and a 334 
common feature of this population (Tsai, 1984).  335 

As expected, a highly significant difference appeared in their AQ scores, which 336 
strongly predict diagnostic status (Baron-Cohen et al., 2001; Hoekstra et al., 2008; 337 
Woodbury-Smith et al., 2005). 338 

  339 

3.2 Structural imaging analysis: fractional anisotropy (FA) and volume 340 

Analysis of FA revealed a significant main effect of Hemisphere (F[1, 30] = 130.112, p 341 

< .001), reflecting that both groups showed typical lateralisation patterns with greater FA in 342 
the left than the right hemisphere (see Figure 2, A).  Analysis of MD, too, showed a main 343 
effect of hemisphere reflecting rightwards lateralization (F [1, 30] = 78.400, p < .001) but no 344 
effect of group and no interaction (Figure 2, B). 345 

There was a significant interaction of Group and Hemisphere for arcuate volume (F[1, 346 

30] = 6.194, p = .019) and, in addition, a highly significant main effect of Group (F[1, 30] = 347 

23.963, p < .001). Post-hoc t-tests revealed a significant relative reduction in the volume of 348 
the left   (t[30] = 2.985, p = .006) and the right (t[30] = 4.557, p < .001) arcuate in the ASC 349 
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group (see Figure 2, C).  A lack of any significant differences in global white matter volume 350 
(p = .453) showed that this was a specific rather a global effect. Within-group tests showed 351 
that although ASC participants showed no significant volumetric differences between the left 352 
and the right hemisphere, control participants actually showed greater volume in the right 353 
arcuate (t[13] = 2.654, p = .020), though both groups were left-lateralised for FA. 354 

 355 

INSERT FIGURE 2 HERE 356 

 357 

3.3 Correlation of arcuate structure and clinical measures  358 

Using Pearson correlation, we found that the AQ scores of all participants pooled 359 

negatively correlated with volume of the right (r = -.413, p = .019) arcuate, with a similar 360 
marginal trend in the left hemisphere as well (r = -.342, p = .056). In both cases, a greater 361 
number of autistic traits was associated with reduced volume in the arcuate fasciculus (see 362 
Figure 3). This correlation fell beneath significance when examined in each group 363 
independently. Neither FA or MD in either hemisphere correlated with autistic traits.  364 

 365 

INSERT FIGURE 3 here 366 

 367 

3.4 Male-only analysis 368 

Sex is a major confound in mixed-gender samples, given that males typically have 369 
larger heads than females and thus have greater general intracranial volume (ICV). This was 370 
true in the current sample of males and females (t[30] = 3.134, p = .004), and by virtue of the 371 

fact that we recruited more females with ASC than previous studies in this field, the ASC 372 
group had significantly lower ICV (t[30] = -2.147, p = .04) than controls. Multiple regression 373 

analyses revealed that whilst ICV contributed to predict left arcuate volume (B = 180.864, t = 374 
2.495, p = .019), it did not significantly predict right arcuate volume (B = 34.926, p = .839, p 375 
= .408).  Indeed, adding ICV as a covariate in our statistical tests showed that the Hemisphere 376 

by Group interaction remained significant (F [1, 29] = 6.060, p = .020), as did the main effect 377 
of Group (F [1, 29] = 16.411, p < .001). As a additional step to confirm this, we normalised 378 

arcuate volume for ICV (i.e. dividing arcuate volume in each subject by ICV): the 379 

Hemisphere by Group interaction (F [1, 30] = 5.774, p = .023) and Group effect (F [1, 30] = 380 

5.350, p = .028) remained significant, as did the group difference in the right hemisphere (t[30] 381 
= 2.732, p = .01), but the group difference in the left hemisphere became robustly non-382 
significant (p = .512). 383 

We repeated our analysis with a reduced, sex-matched sample, a recommended 384 
strategy on the basis of neuroanatomical differences between the sexes (Lai et al., 2013). This 385 
time, the groups (10 males in each) were matched not only in global white matter volume 386 
(t[18] = .909, p = .375) but also in ICV (t[18] = .536, p = .536). They also remained matched in 387 

all their demographic data, as can be seen below (Table 2). 388 

 389 

INSERT TABLE 2  390 

 391 
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Previous trends in FA and volume remained consistent in this smaller subset. Though 392 
FA and MD did not differ between groups (Figure 4, A and B), a main effect of hemisphere 393 
reflected that both had higher FA in the left than the right arcuate (F[1, 18] = 77.978, p < .001) 394 
and higher MD in the right than the left arcuate (F [1, 18] = 46.404, p < .001). The two-factor 395 
ANOVA of volume revealed a significant Hemisphere by Group interaction (F[1, 18] = 7.820, 396 

p = .012) and a main effect of Group (F [1, 18] = 16.287, p = .001). Just as before, the ASC 397 
group showed significant reduction in the volume of the right arcuate as compared with 398 
controls (t[18] = 16.669, p < .001), though their reduction in the volume of the left arcuate 399 
became marginally non-significant (t[18] = 2.041, p = .056) (Figure 4, C).  Within groups, the 400 
ASC participants showed no significant volumetric differences between the left and the right 401 

arcuate, but the typically-developing participants showed greater volume in the right than the 402 
left arcuate (t[9] = 2.736, p = .023). Although the male groups were matched in ICV, we 403 

added this as a covariate in our tests to ensure that results did not change substantially. 404 

Indeed, there was little effect on the Group by Hemisphere interaction (F [1, 17] = 7.114, p = 405 
.016) or the Group effect (F [1, 17] = 15.576, p = .001).  406 

 407 

INSERT FIGURE 4 HERE 408 

 409 

Similarly to the main analysis, correlation tests were performed on these male participants 410 
pooled. Once again, with all participants pooled, higher AQ scores correlated with lowest 411 
volume in the right arcuate fasciculus (r = -.478, p = .033). Correlations with AQ were not 412 

significant for either of the male groups alone. 413 

 414 

4. Discussion 415 

Probabilistic tractography revealed a significant volumetric reduction of the arcuate 416 

fasciculus, an effect strongest in the right hemisphere, in high-functioning individuals with 417 
ASC as compared with typical controls. Although this result could in part be attributed to 418 

group differences in intracranial volume (ICV), multiple regression of ICV did not appear to 419 
contribute significantly to right arcuate volume and, crucially, analysis of male participants 420 

only confirmed these volumetric differences in groups matched for ICV.  421 

Furthermore, significant correlations revealed a negative relationship between right 422 

arcuate volume and the presence of autistic traits as revealed by the AQ. This shows that 423 
decreased volume of the right arcuate is associated with a higher number of autistic traits 424 

related to social interaction, lack of imagination, empathy, restricted interests and obsessions, 425 
and repetitive behaviour. However, when correlations between arcuate volume and autistic 426 

traits were performed separately for the mixed and male ASC groups and the control group, 427 
the correlation was not significant for any group. This may be due to the rather small size of 428 
each group, making the statistical power insufficient for separate analyses. It could, however, 429 

reflect that the correlation in all subjects pooled was driven by the group difference seen 430 
between individuals with and without ASC. Replication of results in a larger sample would 431 

certainly be required in order to confirm a relationship between dimensional autistic traits in 432 
the distribution of the normal population and the volume of the arcuate fasciculus.  433 

 434 

4.1 The arcuate in autism: placing our findings in context 435 
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Our findings contribute to a small literature on the subject of structural changes in the 436 
arcuate fasciculus in autism. Our present findings converge with all previous studies in 437 
showing that the structure of this major language pathway is altered in high- and low-438 
functioning ASC (although see McGrath et al., 2013 for a divergent view). However, we 439 
should also highlight some divergence, if not incompatibility, between the present findings 440 

and those of earlier work. 441 

Investigations of fractional anisotropy (FA) report inconsistent results across the 442 
literature: previous studies have reported generally lower FA in ASC as compared to 443 
typically-developing controls (Kumar et al., 2010; Lai et al., 2012a), just relatively reduced 444 

laterality of FA in ASC (Fletcher et al., 2010), or even no differences in FA between groups 445 
at all (Joseph et al., 2014). Our findings correspond with the latter finding: both groups 446 
showed the typical left-hemispheric lateralisation of FA and did not differ significantly from 447 

each other in this measure.  Of these previous reports of altered FA, however, only one 448 
reports any slight difference in a highly verbal group (Fletcher et al., 2010). We did not see a 449 
difference in the lateralisation of FA, and so further research is needed to reconcile these two 450 
reports, which could potentially relate to the different ages of ours and the Fletcher group’s 451 

samples (see below). 452 

Autistic and control groups did not differ in mean diffusivity (MD) but instead 453 

exhibited a rightwards laterality which some groups have suggested may be common in 454 
typically-developing individuals (Fletcher et al., 2010). Two previous studies also failed to 455 
find differences between children with ASC and typically-developing peers in mean 456 

diffusivity (Ingalhalikar et al., 2011; Joseph et al., 2014). Another reported an increase in 457 
right-hemispheric MD in children with ASC, but in this variable the group did not differ from 458 

children with non-specific developmental impairments (Kumar et al., 2010). In high-459 
functioning participants, Fletcher et al. (2010) found reduced hemispheric asymmetry in MD, 460 

but did not compare MD directly between groups.  Differences in MD are certainly not a 461 
strong feature of the landscape in studies investigating the arcuate in autism. 462 

Like FA, findings related to volume have been similarly inconsistent. It should be said 463 

that, just as fMRI is an indirect measure of neuronal activity, this measure implies reduced 464 
connectivity but cannot directly indicate that the existing tissue is compromised. Group 465 

differences are absent in some studies (Fletcher et al., 2010). Other studies with low-466 
functioning children report reduced left-lateralisation in autism (Joseph et al., 2014; Wan et 467 
al., 2012). Our ASC sample showed slightly greater volume in the left than the right arcuate, 468 

but like these studies, we did not see significant left-lateralisation of the arcuate which has 469 

been reported in previous research with typically-developing participants . 470 

This is, at first glance, an unusual finding. Individual variability in structural (Catani 471 

and Mesulam, 2008) and functional (Lidzba et al., 2011) lateralisation does occur, but it may 472 
be important at this point to consider differences in the delineation of the arcuate which may 473 
contribute to differences in lateralisation of arcuate volume and structure. Although it is 474 
widely accepted that the ‘arcuate’ is left-lateralised, there may be conceptual confusion in the 475 
field regarding exactly which white matter tracts are delineated as ‘arcuate fasciculus’. Some 476 

researchers (Catani and Thiebaut de Schotten, 2008; Catani et al., 2005, 2007) have 477 
subdivided the arcuate into three segments: a direct segment connecting Wernicke’s and 478 
Broca’s territories (posterior inferior frontal cortex and posterior temporal cortex 479 
respectively), an anterior indirect segment connecting Broca’s territory to inferior parietal 480 

cortex, and an posterior indirect segment connecting Wernicke’s territory to inferior parietal 481 
cortex. These authors do not differentiate the arcuate from the superior longitudinal 482 

fasciculus (SLF), though the protocol which we follow defines it as part of a “dorsal 483 
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pathway[…] the long segment of the superior longitudinal fasciculus that connects Broca’s 484 
and Wernicke’s areas” (Liégeois et al., 2013). The established differentiation between SLF 485 
and the arcuate is highlighted by Makris et al. (2005), who also splitting the SLF into four 486 
tracts (SLF I, II, III and the arcuate). These authors suggest that what Catani and colleagues 487 
conceptualise as the anterior indirect (frontoparietal) arm of the arcuate is in fact a separate 488 

branch of the inferior SLF (segment III). The arcuate in their narrower sense, that is the 489 
“direct” frontotemporal segment of this pathway, runs closely alongside the “indirect” 490 
frontoparietal section (“SLF III”), such that differentiation between the two (and equally 491 
between the arcuate and parieto-temporal short segment), if desired, is challenging. If we 492 
adopt the Catani definition of the arcuate (including ‘direct’ and ‘indirect’ segments), closer 493 

examination reveals that as a whole, the volume of the arcuate fasciculus is not strongly left-494 
lateralised. Although the direct long frontotemporal SLF segment has indeed been reported to 495 

be left-lateralised in FA and volume, the arcuate as a whole is slightly right-lateralised in 496 

volume and left-lateralised in FA (Thiebaut de Schotten et al., 2011), a pattern consistent 497 
with what we observed in our typically-developed controls.  498 

With no a priori hypothesis predicting differences in particular segments of the 499 

arcuate, we employed the approach of greatest familiarity to our group (that employed by 500 
(Liégeois et al., 2013)), and so our procedures for fibre definition, which focussed on 501 
temporal and parietal ROIs (see Methods), may have led to inclusion of both the long fronto-502 
temporal segment as well as part of the short parieto-temporal segment of the arcuate. 503 

Variation in tracking protocols for arcuate delineation may contribute to heterogeneity in 504 
results between ASC studies. Whilst some studies employed the Catani protocols (Wan et al., 505 
2012) or placed seed ROIs in the same approximate locations (Fletcher et al., 2010; McGrath 506 

et al., 2013) as in the current study, others, for example, approximated the arcuate from 507 

dorsal  projections from primary auditory cortex (Lai et al., 2012a).   508 

There are several other reasons for inconsistencies across studies, all of which make 509 
comparison difficult. Some of these  include 1) discrepant language ability of participants, 510 

particularly given that presence or absence of childhood language delay (irrespective of 511 
current language) modulates brain structure (Lai et al., 2014), and 2) the age of participants 512 
(since many previous arcuate studies investigated children or adolescents vs. the adult group 513 
here). The most comparable study is that of McGrath and colleagues (McGrath et al., 2013), 514 

who studied highly-verbal adolescent boys and used a similar placing of ROIs to delineate 515 
the arcuate. These authors did not find differences in the arcuate, but still examined 516 
significantly younger individuals (mean age: 17.37 in ASC) than the present study did (mean 517 
age: 30.39 in ASC). Joseph and colleagues (Joseph et al., 2014) found no relationship 518 

between age and their structural arcuate measures (volume, FA, mean, radial or axial 519 
diffusivity), but with the extremely small age range of the sample, data on the relationship 520 
between age and arcuate structure in this study is not sufficient to allow clear-cut conclusions 521 

to be drawn on this issue. In a large sample including a total of 241 children, Su et al. (2008) 522 
report differences in myelination speed of language-related brain structures across the 523 
lifespan with slowest maturation of AF fibre tracts. These data indicate that any differences 524 
between previous studies in ASC children and our study can be strongly influenced by the 525 
myelination of the AF. Interestingly, recent large-scale investigations in infants with ASC 526 

suggest that the developmental trajectory of the arcuate may be substantially different from as 527 
early as 12 months of age (Solso et al., 2014). Researchers have called for a developmental 528 
perspective in studies of functional connectivity in autism (Uddin et al., 2013). Likewise, 529 
longitudinal research with large samples may be needed to validate the relationship between 530 

neuroanatomical correlates of the arcuate and age in children and adults with ASC, and might 531 
benefit from DWI sequences with higher angular resolution.  532 
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Apart from age and methodological issues, sex is a factor that seems to play a certain 533 
role in brain structure and function. Unfortunately, in our sample, we did not have enough 534 
female participants in each group to investigate FA, MD and volume of the arcuate fasciculus 535 
in well-matched female groups. As women with autism appear to exhibit markedly different 536 
neuroanatomical profiles compared to males (Lai et al., 2012a, 2013), further research is 537 

needed to ascertain whether they also show volumetric arcuate reductions in comparison with 538 
typical females. Moreover, factors such as functional laterality and language ability should be 539 
assessed in larger group samples as these factors systematically differ between males and 540 
females (Caplan and Dapretto, 2001; Eckert and McConnell-Ginet, 2003; Good et al., 2001). 541 

Our findings may constitute a profile for an under-studied group, verbal high-542 
functioning male adults with ASC, and should be considered in this context. The crucial 543 
finding, in our view, is that despite their high-functioning diagnostic status, these individuals 544 

still exhibit a quantitative difference in arcuate volume compared to typical controls. As they 545 
are matched to typical controls in IQ, autistic traits are not here confounded by lower mental 546 
ability as they have been in previous studies (Ingalhalikar et al., 2011; Joseph et al., 2014; 547 
Kumar et al., 2010; Lai et al., 2012a; Wan et al., 2012), and so alterations in arcuate structure 548 

can be more confidently ascribed to the ASC phenotype. Nevertheless, further research on the 549 
arcuate is needed to validate these volumetric differences and the lack of differentiation in 550 
fractional anisotropy in this small, highly verbal segment of the autism spectrum. 551 

 552 

4.2 Language functions of the right hemisphere 553 

Perhaps surprisingly, the reduction in arcuate volume that we observed in ASC was 554 

more striking in the right hemisphere: this was reflected in the interaction of Hemisphere and 555 
Group that we observed in both the mixed sex and males only analyses. A strongly 556 

significant group difference in left arcuate volume seemed to be driven by differences in ICV 557 
and became marginally significant (p = .056) in the male group alone. In contrast, the 558 
significance of the difference on the right even survived after exclusion of females. Whilst 559 

the marginal effect in the left hemisphere still suggests a trend towards general reduction of 560 
this language pathway, it leads us to speculate on the particular role that the right hemisphere 561 

plays in language processing and the language differences in autism, especially given the 562 
association between AQ and right arcuate volume that we observed. 563 

Despite the well-reported left-lateralisation of language (Gazzaniga, 2000), optimal 564 
linguistic function requires the cooperation of both cerebral hemispheres (Mohr et al., 1994). 565 

Right-hemispheric involvement in language processing includes semantics (Pulvermüller and 566 
Mohr, 1996; Pulvermüller, 1999), and morphology (Marslen-Wilson and Tyler, 2007), but 567 
most notable is its role in social and pragmatic aspects of language (Coslett and Monsul, 568 
1994; Lindell, 2006; Mitchell and Crow, 2005; Zaidel, 1998). The right hemisphere is crucial 569 
for production and comprehension of emotional prosody (Baum and Pell, 1999; Buchanan et 570 

al., 2000; George et al., 1996; Ross et al., 1997; Wildgruber et al., 2009), non-literal language 571 
such as metaphors (Bottini et al., 1994; Brownell et al., 1990; Tompkins, 1990), jokes 572 
(Shammi and Stuss, 1999), and indirect requests (Foldi, 1987). These abilities intersect 573 
closely with theory of mind, the ability to infer a speaker’s or listener’s intentions and current 574 
knowledge. The right hemisphere is also crucially involved in resolving lexical ambiguity 575 

(Burgess and Simpson, 1988), drawing figurative inferences from language (Nichelli et al., 576 
1995), processing its broader context (Caplan and Dapretto, 2001), and performing and 577 

comprehending socio-communicative ‘speech acts’ (Egorova et al., 2014) – all functions 578 
which make the right hemisphere absolutely essential for comprehending and smoothly 579 
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contributing to discourse (Bryan, 1988; Myers and Brookshire, 1996; Robertson et al., 2000; 580 
Schneiderman et al., 1992; Zaidel et al., 2002). These pragmatic abilities, again, involve 581 
central coherence and sound understanding of the listener’s knowledge and mental state. 582 

Consistent with our findings, the right arcuate fasciculus has been implicated 583 

previously in autism. As noted above, Kumar et al. (2010) found increased fibre length in the 584 
right arcuate fasciculus to set children with autism apart from typically-developing and 585 
developmentally impaired children without autism. Increased fibre length does not appear to 586 
correspond with our finding of reduced right arcuate volume, but here we might consider the 587 
possible effects of age. There is an emerging view of ASC that hyperconnectivity in early life 588 

is reversed in adolescence, with hypoconnectivity more commonly reported in adulthood 589 
(Nomi and Uddin, 2015; Uddin et al., 2013). We speculate that this could be reflected here at 590 
a local level. 591 

This study relied on previous diagnostic assessments that had established intact 592 
language development (i.e. no delay) in our participants. We can, however, still consider the 593 
type of language features that are typical of high-functioning individuals such as our sample. 594 

All the ASC participants were currently or had previously worked or studied. All but one 595 
(PDD-NOS) were clinically diagnosed with Asperger syndrome, which is differentiated from 596 
high-functioning autism on the basis of intact (no delay) development of language. This 597 

diagnostic distinction, however, is problematic (Bennett et al., 2008; Frith, 2004) and thus is 598 
no longer included in the DSM-V (American Psychiatric Association, 2013). Linguistic 599 
anomalies in high-functioning autism and Asperger syndrome are subtle but have been 600 

observed (Boucher, 2003; Eigsti et al., 2011). In addition, some language functions seen as 601 
right-hemispheric, such as comprehension and production of emotional prosody (Fine et al., 602 

1991; Korpilahti et al., 2007), are atypical in these populations. Pragmatic impairments, such 603 
as in understanding jokes and discourse, are the most universal linguistic impairment in ASC 604 

(Colle et al., 2008; Eigsti et al., 2011; Groen et al., 2008; Landa, 2000). Semantic 605 
impairments are also present across the spectrum (Boucher, 2003; Eigsti et al., 2011; Groen 606 

et al., 2008), ranging from moderate to mild even in high-functioning autism and Asperger 607 
syndrome (Moseley et al., 2013, 2014, 2015), and the right arcuate has been particularly 608 
implicated in the semantic domain as well as that of prosody (Catani and Mesulam, 2008; 609 
Catani et al., 2007), although it certainly also carries phonological/lexical function (Berthier 610 

et al., 2012). We hypothesise that the rightwards lateralisation of volumetric differences in 611 
our study reflect the typically right-hemispheric language impairments that high-functioning 612 
individuals may exhibit.  613 

Given the good language capacities of our participants, it is therefore unsurprising 614 
that we did not replicate the findings from previous studies of low-functioning children (Lai 615 
et al., 2012a; Wan et al., 2012). Quite aside from the fact that both studies tested young 616 

children who obviously are not comparable to adults, participants in the Wan study in 617 
particular were non-verbal. They reported an atypical pattern of asymmetry in their children, 618 
who showed greater volume of the right than the left arcuate. The analysis was based on 619 
calculation of ‘laterality index’ (numeric difference between left and right arcuate volume, 620 
divided by their sum), i.e. a relative measure, rather than direct volume comparison. Visual 621 

inspection of the figures suggests that there might be a difference in only the volume of the 622 
left arcuate fasciculus, which is larger in typically developing children than children with 623 
autism. The left-hemispheric difference may therefore reflect the linguistic disability of that 624 
sample. As the study did not include a comparison of verbal children with autism and 625 

typically developing controls, or a comparison with another nonverbal group, it is impossible 626 
to ascertain whether this difference is autism-specific or reflects the difference in language 627 
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ability between any verbal and non-verbal children. Lai and colleagues (Lai et al., 2014) 628 
recently demonstrated that even in high-functioning autism samples, the presence or absence 629 
of language delay is associated with substantial changes in grey and, to a lesser extent, white 630 
matter. An important direction for future research in this area would be to categorise autistic 631 
individuals on the basis of language delay or impairment, rather than diagnostic label, to 632 

compare the effect of high and low verbal ability on the structural properties of the arcuate 633 
fasciculus. 634 

 635 

4.3 The specificity of arcuate abnormality 636 

While we focus here on the structural hypoconnectivity of the arcuate, we stress that 637 

caution should be exercised regarding the specificity of ASC hypoconnectivity to this tract. 638 

No difference was seen in global white matter volume between our groups, which suggests 639 
specificity of the arcuate finding. This is not, however, a sufficiently rigorous test of 640 

structural integrity in other brain tracts, which might be differentially affected in autism. It is 641 
additionally important to reiterate again that volume is an indirect indicator of 642 
hypoconnectivity; that is, although the arcuate is smaller in ASC, we cannot conclude here 643 
that connectivity (at a functional or structural level) is compromised, although this 644 

interpretation would be consistent with a body of work reporting hypoconnectivity in ASC 645 
(see below). 646 

It is difficult to comment on the specificity of the arcuate difference in the earlier 647 

research considered above. Wan et al. (2012) only defined the arcuate fasciculus in their 648 
participants and made no statements about specificity. Other researchers (Fletcher et al., 649 

2010, Joseph et al., 2014) suggest specificity of arcuate hypoconnectivity: like us, both 650 
studies included a measure of global white matter volume which did not differ between 651 

groups. This, however, may not constitute a sufficiently adequate analysis of other tracts. Lai 652 
et al. (2012a) identified dorsal and ventral tracts which originated from primary auditory 653 
cortex  (A1, Heschl’s gyrus): the dorsal pathway was identified as the arcuate fasciculus, and 654 

the ventral pathway connected frontotemporal cortices via the extreme capsule, inferior 655 
fronto-occipital fasciculus and uncinated fasciculus. They found decreased fractional 656 

anisotropy in the left arcuate, but no microstructural differences in the ventral tract: 657 
somewhat limited evidence of specificity.  658 

Ingalhalikar and colleagues (2011) attempted to classify subjects based on DWI 659 
anisotropy and diffusivity values. The brain regions contributing to diagnostic prediction 660 

included the left superior longitudinal fasciculus (which includes the arcuate) but also the 661 
right internal and external capsule, the fornix, and white matter of the occipital gyri and 662 
inferior temporal cortex. McGrath et al. (2013), who failed to find arcuate differences in 663 
ASC, found differences in the inferior fronto-occipital fasciculus, though they did not 664 
examine any other tracts. Kumar et al. (2010) reported abnormalities of the corpus callosum, 665 

uncinate fasciculus and the arcuate which were specific to children with autism. 666 

Specificity of hypoconnectivity to the arcuate fasciculus may be unlikely given the 667 
large body of work documenting atypical connectivity in autism in general (Di Martino et al., 668 
2014; Kana et al., 2011; Müller et al., 2011; Uddin et al., 2011; Vissers et al., 2012). ASC 669 

have been described as “developmental disconnection syndromes” (Geschwind and Levitt, 670 
2007), but in reality present a more complex and, as mentioned, sometimes heterogeneous 671 

neuroanatomical profile. Analyses of structural connectivity have reported differences in the 672 
corpus callosum (Booth et al., 2011; Frazier and Hardan, 2009) and white matter reductions 673 
in frontal, temporal and limbic cortices (Barnea-Goraly et al., 2004; Ecker et al., 2010; 674 
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Sundaram et al., 2008).  Contrary to these data, some studies report white matter excess, 675 
particularly in frontal cortex and locally, in the microcolumns of the brain (Casanova and 676 
Trippe, 2009; Courchesne and Pierce, 2005; Ecker et al., 2010; Herbert et al., 2004; 677 
Mostofsky et al., 2007; Weinstein et al., 2011). However, with a strict interpretation of ‘long-678 
range’ connectivity as tracts connecting brain regions further than one centimetre apart, our 679 

findings corroborate the common view that atypical connectivity in ASC leans towards hypo-680 
, rather than hyper-, connectivity in adulthood (Vissers et al., 2012).  681 

Further research must investigate directly the contribution of arcuate abnormalities to 682 
autistic symptomatology, particularly those symptoms related to language. 683 

 684 

5. Conclusions 685 

This study demonstrates structural, volumetric abnormalities in the arcuate fasciculus 686 
in high-functioning (verbal) individuals with ASC who have no apparent language difficulties 687 
and, in the case of those individuals with Asperger syndrome (94% of this sample), no delay 688 
in language development. Volumetric reductions of the arcuate tended to be present 689 
bilaterally but most strongly expressed and significant in the non-dominant right hemisphere, 690 

where they seemed to predict the severity of autistic symptoms. We suggest that the right-691 

lateralised structural changes in the arcuate may constitute the neuroanatomical substrate of 692 
more subtle pragmatic and semantic language impairments seen in high-functioning 693 
individuals.  694 

 695 

Abbreviations 696 

AQ; Autism-Spectrum Quotient; ASC: Autism spectrum conditions; CSD: Constrained 697 
spherical deconvolution; DSM-IV-TR: Diagnostic and Statistical Manual of Mental 698 

Disorders IV, Text-Revised; DWI: diffusion-weighted images; FA: fractional anisotropy; 699 
ICV: intracranial volume; IQ: Intelligence Quotient; PDD-NOS: Pervasive Developmental 700 
Disorder Not Otherwise Specified; ROI: Region of interest; TDI: Track-density images.  701 

 702 

Conflict of interests 703 

The authors declare that they have no competing interests.  704 

 705 

Authors’ contributions 706 

FP, BM and RM were involved in initial experiment design. Recruitment of participants, 707 
collection of data, tractography and drawing of ROIs, statistical analysis and manuscript 708 
production were carried out by RM. MC guided RM in DWI analysis, checked, adjusted and 709 
validated ROIs drawn by RM, and contributed to the manuscript. BM provided theoretical 710 

input, assisted with participant recruitment, and contributed to the manuscript. SBC assisted 711 
with participant recruitment, provided analysis advice and contributed to the manuscript. 712 
Both YS and FP supervised and advised RM during analysis and contributed to the 713 
manuscript, and BM and FP led the original conception of the study. All authors read and 714 

approved the final manuscript. 715 

 716 



 

17 

Acknowledgements 717 

The authors wish to thank the participants who gave their time to our research and the family 718 
members who accompanied them. We thank Drs Charlotte Rae, Clare Cook, Olaf Hauk, 719 
Francesca Carota, Lucy MacGregor, and Carrie Allison for their help in the process of this 720 

study.  721 

 722 

Funding 723 

This work was supported by the UK Medical Research Council (MRC) (core programme 724 
MC_US_a060_0034 to FP; core programme MC_A060_5PQ90 to YS; MRC studentship to 725 

RLM). MMC is supported by the MRC. BM was supported by Anglia Ruskin University, 726 

Cambridge, UK, and is now supported by Charité Berlin. SBC was supported by the MRC 727 

and the Autism Research Trust. YS is supported by Aarhus University and Lundbeck 728 
Foundation (grant 2013-12951 Neolex). FP is supported by the Engineering and Physical 729 
Sciences Research Council (EPSRC, BABEL grant, EP/J004561/1), the Biotechnology and 730 
Biological Sciences Research Council (BBSRC), the Deutsche Forschungsgemeinschaft 731 
(DFG Pu 97/15 and 16), and the Freie Universität Berlin. 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

References 740 

 741 

Alexander, A. L., Lee, J. E., Lazar, M., and Field, A. S. (2007). Diffusion tensor imaging of 742 

the brain. Neurotherapeutics 4, 316–329. doi:10.1016/j.nurt.2007.05.011. 743 

American Psychiatric Association (2000). Diagnostic and Statistical Manual of Mental 744 

Disorders. Fourth. Washington, DC: American Psychiatric Association. 745 

American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental 746 
Disorders. doi:10.1176/appi.books.9780890425596.744053. 747 

Ardila, A. (2010). A review of conduction aphasia. Curr. Neurol. Neurosci. Rep. 10, 499–748 
503. doi:10.1007/s11910-010-0142-2. 749 

Asato, M. R., Terwilliger, R., Woo, J., and Luna, B. (2010). White matter development in 750 
adolescence: A DTI study. Cereb. Cortex 20, 2122–2131. doi:10.1093/cercor/bhp282. 751 

Asperger, H. (1944). Die “autistischen psychopathen” im kindesalter. Eur. Arch. Psychiatry 752 

Clin. Neurosci. 117, 76–136. 753 

Bao, A.-M., and Swaab, D. F. (2011). Sexual differentiation of the human brain: relation to 754 

gender identity, sexual orientation and neuropsychiatric disorders. Front. 755 
Neuroendocrinol. 32, 214–26. doi:10.1016/j.yfrne.2011.02.007. 756 



 

18 

Barnea-Goraly, N., Kwon, H., Menon, V., Eliez, S., Lotspeich, L., and Reiss, A. L. (2004). 757 
White matter structure in autism: Preliminary evidence from diffusion tensor imaging. 758 
Biol. Psychiatry 55, 323–326. doi:10.1016/j.biopsych.2003.10.022. 759 

Barnea-Goraly, N., Menon, V., Eckert, M., Tamm, L., Bammer, R., Karchemskiy, A., et al. 760 

(2005). White matter development during childhood and adolescence: a cross-sectional 761 
diffusion tensor imaging study. Cereb. Cortex 15, 1848–1854. 762 
doi:10.1093/cercor/bhi062. 763 

Baron-Cohen, S. (1988). Social and pragmatic deficits in autism: Cognitive or affective? J. 764 
Autism Dev. Disord. 18, 379–402. doi:10.1007/BF02212194. 765 

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., and Clubley, E. (2001). The 766 

Autism-Spectrum Quotient (AQ): Evidence from Asperger Syndrome/High-Functioning 767 

Autism, Males and Females, Scientists and Mathematicians. J. Autism Dev. Disord. 31, 768 
5–17. doi:10.1023/A:1005653411471. 769 

Baum, S. R., and Pell, M. D. (1999). The neural bases of prosody: Insights from lesion 770 
studies and neuroimaging. Aphasiology 13, 581–608. doi:10.1080/026870399401957. 771 

Behrens, T. E. J., Berg, H. J., Jbabdi, S., Rushworth, M. F. S., and Woolrich, M. W. (2007). 772 
Probabilistic diffusion tractography with multiple fibre orientations: What can we gain? 773 
Neuroimage 34, 144–155. doi:10.1016/j.neuroimage.2006.09.018. 774 

Bennett, T., Szatmari, P., Bryson, S., Volden, J., Zwaigenbaum, L., Vaccarella, L., et al. 775 

(2008). Differentiating autism and asperger syndrome on the basis of language delay or 776 
impairment. J. Autism Dev. Disord. 38, 616–625. doi:10.1007/s10803-007-0428-7. 777 

Bernal, B., and Altman, N. (2010). The connectivity of the superior longitudinal fasciculus: A 778 

tractography DTI study. Magn. Reson. Imaging 28, 217–225. 779 
doi:10.1016/j.mri.2009.07.008. 780 

Bernal, B., and Ardila, A. (2009). The role of the arcuate fasciculus in conduction aphasia. 781 

Brain 132, 2309–2316. doi:10.1093/brain/awp206. 782 

Berthier, M. L., Lambon Ralph, M. A., Pujol, J., and Green, C. (2012). Arcuate fasciculus 783 
variability and repetition: The left sometimes can be right. Cortex 48, 133–143. 784 

doi:10.1016/j.cortex.2011.06.014. 785 

Booth, R., Wallace, G. L., and Happé, F. (2011). Connectivity and the corpus callosum in 786 
autism spectrum conditions. Insights from comparison of autism and callosal agenesis. 787 
doi:10.1016/B978-0-444-53884-0.00031-2. 788 

Bottini, G., Corcoran, R., Sterzi, R., Paulesu, E., Schenone, P., Scarpa, P., et al. (1994). The 789 

role of the right hemisphere in the interpretation of figurative aspects of language. A 790 
positron emission tomography activation study. Brain 117 ( Pt 6, 1241–1253. 791 
doi:10.1093/brain/117.6.1241. 792 

Boucher, J. (2003). Language development in autism. in International Journal of Pediatric 793 

Otorhinolaryngology doi:10.1016/j.ijporl.2003.08.016. 794 

Brownell, H. H., Simpson, T. L., Bihrle, A. M., Potter, H. H., and Gardner, H. (1990). 795 
Appreciation of metaphoric alternative word meanings by left and right brain-damaged 796 
patients. Neuropsychologia 28, 375–383. doi:10.1016/0028-3932(90)90063-T. 797 

Bryan, K. L. (1988). Assessment of language disorders after right hemisphere damage. Br. J. 798 
Disord. Commun. 23, 111–125. doi:10.3109/13682828809019881. 799 

Buchanan, T. W., Lutz, K., Mirzazade, S., Specht, K., Shah, N. J., Zilles, K., et al. (2000). 800 

Recognition of emotional prosody and verbal components of spoken language: An fMRI 801 



 

19 

study. Cogn. Brain Res. 9, 227–238. doi:10.1016/S0926-6410(99)00060-9. 802 

Buckner, R. L., Head, D., Parker, J., Fotenos, A. F., Marcus, D., Morris, J. C., et al. (2004). A 803 
unified approach for morphometric and functional data analysis in young, old, and 804 
demented adults using automated atlas-based head size normalization: Reliability and 805 

validation against manual measurement of total intracranial volume. Neuroimage 23, 806 
724–738. doi:10.1016/j.neuroimage.2004.06.018. 807 

Burgess, C., and Simpson, G. B. (1988). Cerebral hemispheric mechanisms in the retrieval of 808 

ambiguous word meanings. Brain Lang. 33, 86–103. doi:10.1016/0093-934X(88)90056-809 
9. 810 

Caplan, R., and Dapretto, M. (2001). Making sense during conversation: an fMRI study. 811 

Neuroreport 12, 3625–3632. doi:10.1097/00001756-200111160-00050. 812 

Casanova, M., and Trippe, J. (2009). Radial cytoarchitecture and patterns of cortical 813 
connectivity in autism. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 364, 1433–1436. 814 
doi:10.1098/rstb.2008.0331. 815 

Catani, M., Allin, M. P. G., Husain, M., Pugliese, L., Mesulam, M. M., Murray, R. M., et al. 816 

(2007). Symmetries in human brain language pathways correlate with verbal recall. 817 
Proc. Natl. Acad. Sci. U. S. A. 104, 17163–17168. doi:10.1073/pnas.0702116104. 818 

Catani, M., and Ffytche, D. H. (2005). The rises and falls of disconnection syndromes. Brain 819 
128, 2224–2239. doi:10.1093/brain/awh622. 820 

Catani, M., Jones, D. K., and Ffytche, D. H. (2005). Perisylvian language networks of the 821 

human brain. Ann. Neurol. 57, 8–16. doi:10.1002/ana.20319. 822 

Catani, M., and Mesulam, M. (2008). The arcuate fasciculus and the disconnection theme in 823 

language and aphasia: History and current state. Cortex 44, 953–961. 824 
doi:10.1016/j.cortex.2008.04.002. 825 

Catani, M., and Thiebaut de Schotten, M. (2008). A diffusion tensor imaging tractography 826 
atlas for virtual in vivo dissections. Cortex. 44, 1105–32. 827 

doi:10.1016/j.cortex.2008.05.004. 828 

Colle, L., Baron-Cohen, S., Wheelwright, S., and van der Lely, H. K. J. (2008). Narrative 829 
discourse in adults with high-functioning autism or Asperger syndrome. J. Autism Dev. 830 

Disord. 38, 28–40. doi:10.1007/s10803-007-0357-5. 831 

Coslett, H. B., and Monsul, N. (1994). Reading with the right hemisphere: evidence from 832 

transcranial magnetic stimulation. doi:10.1006/brln.1994.1012. 833 

Courchesne, E., and Pierce, K. (2005). Why the frontal cortex in autism might be talking only 834 
to itself: local over-connectivity but long-distance disconnection. Curr. Opin. Neurobiol. 835 
15, 225–30. doi:10.1016/j.conb.2005.03.001. 836 

Di Martino, A., Fair, D. A., Kelly, C., Satterthwaite, T. D., Castellanos, F. X., Thomason, M. 837 

E., et al. (2014). Unraveling the Miswired Connectome: A Developmental Perspective. 838 
Neuron 83, 1335–1353. doi:10.1016/j.neuron.2014.08.050. 839 

Ecker, C., Rocha-Rego, V., Johnston, P., Mourao-Miranda, J., Marquand, A., Daly, E. M., et 840 
al. (2010). Investigating the predictive value of whole-brain structural MR scans in 841 
autism: A pattern classification approach. Neuroimage 49, 44–56. 842 
doi:10.1016/j.neuroimage.2009.08.024. 843 

Eckert, P., and McConnell-Ginet, S. (2003). Language and gender. 844 
doi:10.1017/S0267190500002580. 845 



 

20 

 gorova,  .,  ulvermul ler, F., and Shtyrov, Y. (2014). Neural dynamics of speech act 846 
comprehension: An MEG study of naming and requesting. Brain Topogr. 27, 375–392. 847 
doi:10.1007/s10548-013-0329-3. 848 

Eigsti, I.-M., de Marchena, A. B., Schuh, J. M., and Kelley, E. (2011). Language acquisition 849 

in autism spectrum disorders: A developmental review. Res. Autism Spectr. Disord. 5, 850 
681–691. doi:10.1016/j.rasd.2010.09.001. 851 

Fair, D. A., Cohen, A. L., Power, J. D., Dosenbach, N. U. F., Church, J. A., Miezin, F. M., et 852 

al. (2009). Functional brain networks develop from a “local to distributed” organization. 853 
PLoS Comput. Biol. 5. doi:10.1371/journal.pcbi.1000381. 854 

Fine, J., Bartolucci, G., Ginsberg, G., and Szatmari, P. (1991). The use of intonation to 855 

communicate in pervasive developmental disorders. J. Child Psychol. Psychiatry. 32, 856 

771–782. doi:10.1111/j.1469-7610.1991.tb01901.x. 857 

Fischer, K., and Silvern, L. (1985). Stages and Individual Differences in Cognitive 858 
Development. Annu. Rev. Psychol. 36, 613–648. doi:10.1146/annurev.psych.36.1.613. 859 

Fischl, B. (2012). FreeSurfer. Neuroimage 62, 774–781. 860 

doi:10.1016/j.neuroimage.2012.01.021. 861 

Fletcher, P. T., Whitaker, R. T., Tao, R., DuBray, M. B., Froehlich, A., Ravichandran, C., et 862 

al. (2010). Microstructural connectivity of the arcuate fasciculus in adolescents with 863 
high-functioning autism. Neuroimage 51, 1117–25. 864 

doi:10.1016/j.neuroimage.2010.01.083. 865 

Foldi, N. S. (1987). Appreciation of pragmatic interpretations of indirect commands: 866 
comparison of right and left hemisphere brain-damaged patients. Brain Lang. 31, 88–867 

108. doi:10.1016/0093-934X(87)90062-9. 868 

Frazier, T. W., and Hardan, A. Y. (2009). A Meta-Analysis of the Corpus Callosum in 869 
Autism. Biol. Psychiatry 66, 935–941. doi:10.1016/j.biopsych.2009.07.022. 870 

Frith, U. (2004). Emanuel Miller lecture: Confusions and controversies about Asperger 871 

syndrome. J. Child Psychol. Psychiatry Allied Discip. 45, 672–686. doi:10.1111/j.1469-872 
7610.2004.00262.x. 873 

Gazzaniga, M. S. (2000). Cerebral specialization and interhemispheric communication: does 874 

the corpus callosum enable the human condition? Brain 123 ( Pt 7, 1293–1326. 875 
doi:10.1093/brain/123.7.1293. 876 

George, M. S., Parekh, P. I., Rosinsky, N., Ketter, T. A., Kimbrell, T. A., Heilman, K. M., et 877 

al. (1996). Understanding emotional prosody activates right hemisphere regions. Arch. 878 

Neurol. 53, 665–670. doi:10.1001/archneur.1996.00550070103017. 879 

Geschwind, D. H., and Levitt, P. (2007). Autism spectrum disorders: developmental 880 
disconnection syndromes. Curr. Opin. Neurobiol. 17, 103–11. 881 
doi:10.1016/j.conb.2007.01.009. 882 

Geschwind, N. (1965). Disconnexion syndromes in animal and man. Brain 88, 237–294. 883 

De Giacomo, A., and Fombonne, E. (1998). Parental recognition of developmental 884 
abnormalities in autism. Eur. Child Adolesc. Psychiatry 7, 131–136. 885 
doi:10.1007/s007870050058. 886 

Glasser, M. F., and Rilling, J. K. (2008). DTI tractography of the human brain’s language 887 

pathways. Cereb. Cortex 18, 2471–2482. doi:10.1093/cercor/bhn011. 888 

Good, C. D., Johnsrude, I., Ashburner, J., Henson, R. N., Friston, K. J., and Frackowiak, R. 889 



 

21 

S. (2001). Cerebral asymmetry and the effects of sex and handedness on brain structure: 890 
a voxel-based morphometric analysis of 465 normal adult human brains. Neuroimage 891 
14, 685–700. doi:10.1006/nimg.2001.0857. 892 

Groen, W. B., Zwiers, M. P., van der Gaag, R.-J., and Buitelaar, J. K. (2008). The phenotype 893 

and neural correlates of language in autism: an integrative review. Neurosci. Biobehav. 894 
Rev. 32, 1416–25. doi:10.1016/j.neubiorev.2008.05.008. 895 

Herbert, M. R., Ziegler, D. A., Makris, N., Filipek, P. A., Kemper, T. L., Normandin, J. J., et 896 

al. (2004). Localization of White Matter Volume Increase in Autism and Developmental 897 
Language Disorder. Ann. Neurol. 55, 530–540. doi:10.1002/ana.20032. 898 

Hickok, G., and Poeppel, D. (2004). Dorsal and ventral streams: A framework for 899 

understanding aspects of the functional anatomy of language. Cognition 92, 67–99. 900 

doi:10.1016/j.cognition.2003.10.011. 901 

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing. Nat. Rev. 902 
Neurosci. 8, 393–402. doi:10.1038/nrn2113. 903 

Hoekstra, R. A., Bartels, M., Cath, D. C., and Boomsma, D. I. (2008). Factor structure, 904 

reliability and criterion validity of the autism-spectrum quotient (AQ): A study in Dutch 905 
population and patient groups. J. Autism Dev. Disord. 38, 1555–1566. 906 
doi:10.1007/s10803-008-0538-x. 907 

Howlin, P. (2003). Outcome in high-functioning adults with autism with and without early 908 

language delays: Implications for the differentiation between autism and asperger 909 
syndrome. J. Autism Dev. Disord. 33, 3–13. doi:10.1023/A:1022270118899. 910 

Howlin, P., Savage, S., Moss, P., Tempier, A., and Rutter, M. (2014). Cognitive and language 911 

skills in adults with autism: A 40-year follow-up. J. Child Psychol. Psychiatry Allied 912 
Discip. 55, 49–58. doi:10.1111/jcpp.12115. 913 

Ingalhalikar, M., Parker, D., Bloy, L., Roberts, T. P. L., and Verma, R. (2011). Diffusion 914 

based abnormality markers of pathology: Toward learned diagnostic prediction of ASD. 915 
Neuroimage 57, 918–927. doi:10.1016/j.neuroimage.2011.05.023. 916 

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., and Smith, S. M. 917 

(2012). FSL. Neuroimage 62, 782–790. doi:10.1016/j.neuroimage.2011.09.015. 918 

Jeurissen, B., Leemans, A., Jones, D. K., Tournier, J. D., and Sijbers, J. (2011). Probabilistic 919 
fiber tracking using the residual bootstrap with constrained spherical deconvolution. 920 
Hum. Brain Mapp. 32, 461–479. doi:10.1002/hbm.21032. 921 

Joseph, R. M., Fricker, Z., Fenoglio, A., Lindgren, K. A., Knaus, T. A., and Tager-Flusberg, 922 

H. (2014). Structural asymmetries of language-related gray and white matter and their 923 
relationship to language function in young children with ASD. Brain Imaging Behav. 8, 924 
60–72. doi:10.1007/s11682-013-9245-0. 925 

Kana, R. K., Libero, L. E., and Moore, M. S. (2011). Disrupted cortical connectivity theory 926 

as an explanatory model for autism spectrum disorders. Phys. Life Rev. 8, 410–437. 927 
doi:10.1016/j.plrev.2011.10.001. 928 

Klein, J. C., Rushworth, M. F. S., Behrens, T. E. J., Mackay, C. E., de Crespigny, A. J., 929 
D’Arceuil, H., et al. (2010). Topography of connections between human prefrontal 930 

cortex and mediodorsal thalamus studied with diffusion tractography. Neuroimage 51, 931 
555–564. doi:10.1016/j.neuroimage.2010.02.062. 932 

Korpilahti, P., Jansson-Verkasalo, E., Mattila, M. L., Kuusikko, S., Suominen, K., Rytky, S., 933 
et al. (2007). Processing of affective speech prosody is impaired in Asperger syndrome. 934 



 

22 

J. Autism Dev. Disord. 37, 1539–1549. doi:10.1007/s10803-006-0271-2. 935 

Kumar, A., Sundaram, S. K., Sivaswamy, L., Behen, M. E., Makki, M. I., Ager, J., et al. 936 
(2010). Alterations in frontal lobe tracts and corpus callosum in young children with 937 
autism spectrum disorder. Cereb. Cortex 20, 2103–13. doi:10.1093/cercor/bhp278. 938 

Lai, G., Pantazatos, S. P., Schneider, H., and Hirsch, J. (2012a). Neural systems for speech 939 
and song in autism. Brain 135, 961–75. doi:10.1093/brain/awr335. 940 

Lai, M. C., Lombardo, M. V., Ruigrok, A. N. V, Chakrabarti, B., Wheelwright, S. J., 941 
Auyeung, B., et al. (2012b). Cognition in Males and Females with Autism: Similarities 942 
and Differences. PLoS One 7. doi:10.1371/journal.pone.0047198. 943 

Lai, M. C., Lombardo, M. V., Suckling, J., Ruigrok, A. N. V, Chakrabarti, B., Ecker, C., et 944 
al. (2013). Biological sex affects the neurobiology of autism. Brain 136, 2799–2815. 945 

doi:10.1093/brain/awt216. 946 

Lai, M.-C., Lombardo, M. V, Ecker, C., Chakrabarti, B., Suckling, J., Bullmore, E. T., et al. 947 
(2014). Neuroanatomy of Individual Differences in Language in Adult Males with 948 
Autism. Cereb. Cortex. doi:10.1093/cercor/bhu211. 949 

Landa, R. (2000). “Social language use in Asperger Syndrome and high-functioning autism,” 950 
in Asperger Syndrome, eds. A. Klin, F. R. Volkmar, and S. S. Sparrow (London: 951 

Guilford Press), 125–155. 952 

Lebel, C., and Beaulieu, C. (2009). Lateralization of the arcuate fasciculus from childhood to 953 
adulthood and its relation to cognitive abilities in children. Hum. Brain Mapp. 30, 3563–954 

73. doi:10.1002/hbm.20779. 955 

Lidzba, K., Schwilling, E., Grodd, W., Krägeloh-Mann, I., and Wilke, M. (2011). Language 956 

comprehension vs. language production: Age effects on fMRI activation. Brain Lang. 957 
119, 6–15. doi:10.1016/j.bandl.2011.02.003. 958 

Liégeois, F. J., Mahony, K., Connelly, A., Pigdon, L., Tournier, J. D., and Morgan, A. T. 959 
(2013). Pediatric traumatic brain injury: Language outcomes and their relationship to the 960 

arcuate fasciculus. Brain Lang. 127, 388–398. doi:10.1016/j.bandl.2013.05.003. 961 

Lindell, A. K. (2006). In your right mind: Right hemisphere contributions to language 962 
processing and production. Neuropsychol. Rev. 16, 131–148. doi:10.1007/s11065-006-963 

9011-9. 964 

López-Barroso, D., Catani, M., Ripollés, P., Dell’Acqua, F., Rodríguez-Fornells, A., and de 965 

Diego-Balaguer, R. (2013). Word learning is mediated by the left arcuate fasciculus. 966 

Proc. Natl. Acad. Sci. U. S. A. 110, 13168–73. doi:10.1073/pnas.1301696110. 967 

Makris, N., Kennedy, D. N., McInerney, S., Sorensen, A. G., Wang, R., Caviness, V. S., et al. 968 
(2005). Segmentation of subcomponents within the superior longitudinal fascicle in 969 
humans: A quantitative, in vivo, DT-MRI study. Cereb. Cortex 15, 854–869. 970 
doi:10.1093/cercor/bhh186. 971 

Marslen-Wilson, W. D., and Tyler, L. K. (2007). Morphology, language and the brain: the 972 
decompositional substrate for language comprehension. Philos. Trans. R. Soc. Lond. B. 973 
Biol. Sci. 362, 823–836. doi:10.1098/rstb.2007.2091. 974 

McGrath, J., Johnson, K., O’Hanlon, E., Garavan, H., Gallagher, L., and Leemans, A. (2013). 975 
White matter and visuospatial processing in autism: A constrained spherical 976 
deconvolution tractography study. Autism Res. 6, 307–319. doi:10.1002/aur.1290. 977 

Mitchell, R. L. C., and Crow, T. J. (2005). Right hemisphere language functions and 978 

schizophrenia: The forgotten hemisphere? Brain 128, 963–978. 979 



 

23 

doi:10.1093/brain/awh466. 980 

Mohr, B., Pulvermüller, F., and Zaidel, E. (1994). Lexical decision after left, right and 981 
bilateral presentation of function words, content words and non-words: Evidence for 982 
interhemispheric interaction. Neuropsychologia 32, 105–124. doi:10.1016/0028-983 

3932(94)90073-6. 984 

Moseley, R. L., Mohr, B., Lombardo, M. V, Baron-Cohen, S., Hauk, O., and Pulvermüller, F. 985 
(2013). Brain and behavioral correlates of action semantic deficits in autism. Front. 986 

Hum. Neurosci. 7, 725. doi:10.3389/fnhum.2013.00725. 987 

Moseley, R. L., Pulvermüller, F., Mohr, B., Lombardo, M. V., Baron-Cohen, S., and Shtyrov, 988 
Y. (2014). Brain routes for reading in adults with and without autism: EMEG evidence. 989 

J. Autism Dev. Disord. 44, 137–153. doi:10.1007/s10803-013-1858-z. 990 

Moseley, R. L., Shtyrov, Y., Mohr, B., Lombardo, M. V, Baron-Cohen, S., and Pulvermüller, 991 
F. (2015). Lost for emotion words: What motor and limbic brain activity reveals about 992 
autism and semantic theory. Neuroimage 104, 413–422. 993 
doi:10.1016/j.neuroimage.2014.09.046. 994 

Mostofsky, S. H., Burgess, M. P., and Gidley Larson, J. C. (2007). Increased motor cortex 995 
white matter volume predicts motor impairment in autism. Brain 130, 2117–22. 996 
doi:10.1093/brain/awm129. 997 

Mukherjee, P., Miller, J. H., Shimony, J. S., Philip, J. V, Nehra, D., Snyder, A. Z., et al. 998 

(2002). Diffusion-tensor MR imaging of gray and white matter development during 999 
normal human brain maturation. AJNR. Am. J. Neuroradiol. 23, 1445–1456. 1000 

Müller, R.-A., Shih, P., Keehn, B., Deyoe, J. R., Leyden, K. M., and Shukla, D. K. (2011). 1001 

Underconnected, but how? A survey of functional connectivity MRI studies in autism 1002 
spectrum disorders. Cereb. Cortex 21, 2233–43. doi:10.1093/cercor/bhq296. 1003 

Myers, P. S., and Brookshire, R. H. (1996). Effect of visual and inferential variables on scene 1004 

descriptions by right-hemisphere-damaged and non-brain-damaged adults. J. Speech 1005 
Hear. Res. 39, 870–880. 1006 

Nagy, Z., Westerberg, H., and Klingberg, T. (2004). Maturation of white matter is associated 1007 

with the development of cognitive functions during childhood. 1008 
doi:10.1162/0898929041920441. 1009 

Nichelli, P., Grafman, J., Pietrini, P., Clark, K., Lee, K. Y., and Miletich, R. (1995). Where 1010 
the brain appreciates the moral of a story. doi:10.1097/00001756-199511270-00010. 1011 

Nomi, J. S., and Uddin, L. Q. (2015). Developmental changes in large-scale network 1012 

connectivity in autism. NeuroImage Clin. 7, 732–741. doi:10.1016/j.nicl.2015.02.024. 1013 

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh Inventory. 1014 
Neuropsychologia 9, 97–113. 1015 

Penke, L., Maniega, S. M., Bastin, M. E., Valdés Hernández, M. C., Murray, C., Royle, N. 1016 
A., et al. (2012). Brain white matter tract integrity as a neural foundation for general 1017 
intelligence. Mol. Psychiatry 17, 1026–1030. doi:10.1038/mp.2012.66. 1018 

Pickles, A., Anderson, D. K., and Lord, C. (2014). Heterogeneity and plasticity in the 1019 
development of language: A 17-year follow-up of children referred early for possible 1020 
autism. J. Child Psychol. Psychiatry Allied Discip. doi:10.1111/jcpp.12269. 1021 

Propper, R. E., O’Donnell, L. J., Whalen, S., Tie, Y., Norton, I. H., Suarez, R. O., et al. 1022 
(2010). A combined fMRI and DTI examination of functional language lateralization 1023 

and arcuate fasciculus structure: Effects of degree versus direction of hand preference. 1024 



 

24 

Brain Cogn. 73, 85–92. doi:10.1016/j.bandc.2010.03.004. 1025 

Pulvermüller, F. (1999). Words in the brain’s language. Behav. Brain Sci. 22, 253–279; 1026 
discussion 280–336. doi:10.1017/S0140525X9900182X. 1027 

Pulvermüller, F., and Fadiga, L. (2010). Active perception: sensorimotor circuits as a cortical 1028 
basis for language. Nat. Rev. Neurosci. 11, 351–360. doi:10.1038/nrn2811. 1029 

Pulvermüller, F., and Mohr, B. (1996). The concept of transcortical cell assemblies: A key to 1030 
the understanding of cortical lateralization and interhemispheric interaction. in 1031 
Neuroscience and Biobehavioral Reviews, 557–566. doi:10.1016/0149-7634(95)00068-1032 
2. 1033 

Reese, T. G., Heid, O., Weisskoff, R. M., and Wedeen, V. J. (2003). Reduction of eddy-1034 
current-induced distortion in diffusion MRI using a twice-refocused spin echo. Magn. 1035 

Reson. Med. 49, 177–182. doi:10.1002/mrm.10308. 1036 

Rilling, J. K., Glasser, M. F., Preuss, T. M., Ma, X., Zhao, T., Hu, X., et al. (2008). The 1037 
evolution of the arcuate fasciculus revealed with comparative DTI. Nat. Neurosci. 11, 1038 
426–428. doi:10.1038/nn2072. 1039 

Robertson, D. A., Gernsbacher, M. A., Guidotti, S. J., Robertson, R. R., Irwin, W., Mock, B. 1040 
J., et al. (2000). Functional neuroanatomy of the cognitive process of mapping during 1041 

discourse comprehension. Psychol. Sci.  a J. Am. Psychol. Soc. / APS 11, 255–260. 1042 
doi:10.1111/1467-9280.00251. 1043 

Ross, E. D., Thompson, R. D., and Yenkosky, J. (1997). Lateralization of affective prosody 1044 

in brain and the callosal integration of hemispheric language functions. Brain Lang. 56, 1045 
27–54. doi:10.1006/brln.1997.1731. 1046 

Saur, D., Kreher, B. W., Schnell, S., Kümmerer, D., Kellmeyer, P., Vry, M.-S., et al. (2008). 1047 
Ventral and dorsal pathways for language. Proc. Natl. Acad. Sci. U. S. A. 105, 18035–1048 
18040. doi:10.1073/pnas.0805234105. 1049 

Schmahmann, J. D., and Pandya, D. N. (2006). Fiber Pathways of the Brain. 1050 

doi:10.1093/acprof:oso/9780195104233.001.0001. 1051 

Schneiderman, E. I., Murasugi, K. G., and Saddy, J. D. (1992). Story arrangement ability in 1052 
right brain-damaged patients. Brain Lang. 43, 107–120. doi:10.1016/0093-1053 

934X(92)90024-9. 1054 

Shammi, P., and Stuss, D. T. (1999). Humour appreciation: A role of the right frontal lobe. 1055 

Brain 122, 657–666. doi:10.1093/brain/122.4.657. 1056 

Siegel, B., Pliner, C., Eschler, J., and Elliott, G. R. (1988). How children with autism are 1057 
diagnosed: difficulties in identification of children with multiple developmental delays. 1058 
J. Dev. Behav. Pediatr. 9, 199–204. 1059 

Solso, S., Xu, R., Proudfoot, J., Hagler, D. J., Campbell, K., Venkatraman, V., et al. (2014). 1060 

Diffusion Tensor Imaging Provides Evidence of Possible Axonal Overconnectivity in 1061 
Frontal Lobes in Autism Spectrum Disorder Toddlers. Biol. Psychiatry. 1062 
doi:10.1016/j.biopsych.2015.06.029. 1063 

Sundaram, S. K., Kumar, A., Makki, M. I., Behen, M. E., Chugani, H. T., and Chugani, D. C. 1064 
(2008). Diffusion tensor imaging of frontal lobe in autism spectrum disorder. Cereb. 1065 
Cortex 18, 2659–2665. doi:10.1093/cercor/bhn031. 1066 

Thiebaut de Schotten, M., Ffytche, D. H., Bizzi, A., Dell’Acqua, F., Allin, M., Walshe, M., et 1067 
al. (2011). Atlasing location, asymmetry and inter-subject variability of white matter 1068 

tracts in the human brain with MR diffusion tractography. Neuroimage 54, 49–59. 1069 



 

25 

doi:10.1016/j.neuroimage.2010.07.055. 1070 

Tompkins, C. A. (1990). Knowledge and strategies for processing lexical metaphor after right 1071 
or left hemisphere brain damage. J. Speech Hear. Res. 33, 307–316. 1072 

Tsai, L. Y. (1984). Brief report: the development of hand laterality in infantile autism. J. 1073 
Autism Dev. Disord. 14, 447–450. doi:10.1007/BF02409836. 1074 

Uddin, L. Q., Menon, V., Young, C. B., Ryali, S., Chen, T., Khouzam, A., et al. (2011). 1075 
Multivariate searchlight classification of structural magnetic resonance imaging in 1076 
children and adolescents with autism. Biol. Psychiatry 70, 833–41. 1077 
doi:10.1016/j.biopsych.2011.07.014. 1078 

Uddin, L. Q., Supekar, K., and Menon, V. (2013). Reconceptualizing functional brain 1079 
connectivity in autism from a developmental perspective. Front. Hum. Neurosci. 7, 458. 1080 

doi:10.3389/fnhum.2013.00458. 1081 

Vernooij, M. W., Smits, M., Wielopolski, P. A., Houston, G. C., Krestin, G. P., and van der 1082 
Lugt, A. (2007). Fiber density asymmetry of the arcuate fasciculus in relation to 1083 
functional hemispheric language lateralization in both right- and left-handed healthy 1084 

subjects: A combined fMRI and DTI study. Neuroimage 35, 1064–1076. 1085 
doi:10.1016/j.neuroimage.2006.12.041. 1086 

Vissers, M. E., X Cohen, M., and Geurts, H. M. (2012). Brain connectivity and high 1087 
functioning autism: A promising path of research that needs refined models, 1088 

methodological convergence, and stronger behavioral links. Neurosci. Biobehav. Rev. 1089 
36, 604–625. doi:10.1016/j.neubiorev.2011.09.003. 1090 

Wan, C. Y., Marchina, S., Norton, A., and Schlaug, G. (2012). Atypical hemispheric 1091 

asymmetry in the arcuate fasciculus of completely nonverbal children with autism. Ann. 1092 
N. Y. Acad. Sci. 1252, 332–337. doi:10.1111/j.1749-6632.2012.06446.x. 1093 

Weinstein, M., Ben-Sira, L., Levy, Y., Zachor, D. A., Itzhak, E. Ben, Artzi, M., et al. (2011). 1094 

Abnormal white matter integrity in young children with autism. Hum. Brain Mapp. 32, 1095 
534–543. doi:10.1002/hbm.21042. 1096 

Wernicke, C. (1874). Der aphasische Symptomencomplex. Eine psychologische Studie auf 1097 

anatomischer Basis. , ed. G. H. Eggert the Hague: Mouton doi:10.1007/978-3-642-1098 
65950-8. 1099 

Wildgruber, D., Ethofer, T., Grandjean, D., and Kreifelts, B. (2009). A cerebral network 1100 
model of speech prosody comprehension. Int. J. Speech. Lang. Pathol. 11, 277–281. 1101 

doi:10.1080/17549500902943043. 1102 

Woodbury-Smith, M. R., Robinson, J., Wheelwright, S., and Baron-Cohen, S. (2005). 1103 
Screening adults for Asperger Syndrome using the AQ: A preliminary study of its 1104 
diagnostic validity in clinical practice. J. Autism Dev. Disord. 35, 331–335. 1105 
doi:10.1007/s10803-005-3300-7. 1106 

Yeatman, J. D., Dougherty, R. F., Rykhlevskaia, E., Sherbondy, A. J., Deutsch, G. K., 1107 
Wandell, B. A., et al. (2011). Anatomical Properties of the Arcuate Fasciculus Predict 1108 
Phonological and Reading Skills in Children. J. Cogn. Neurosci. 23, 3304–3317. 1109 
doi:10.1162/jocn_a_00061. 1110 

Zaidel, E. (1998). Stereognosis in the chronic split brain: hemispheric differences, ipsilateral 1111 
control and sensory integration across the midline. Neuropsychologia 36, 1033–1047. 1112 

Zaidel, E., Kasher, A., Soroker, N., and Batori, G. (2002). Effects of right and left 1113 
hemisphere damage on performance of the “Right Hemisphere Communication 1114 



 

26 

Battery”. Brain Lang. 80, 510–535. doi:10.1006/brln.2001.2612. 1115 

 1116 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 

 1123 

 1124 

 1125 

 1126 



 

27 

Table 1: Participant demographics and statistical comparison of group averages for the 

mixed-gender sample. Values represent group averages with standard deviations in brackets  

() and range in square brackets []. 

 ASC group (N=18) Control Group 

(N=14) 
Statistical testing (t) 

Age 30.39 (9.99) [39] 27.64 (11.28) [44] .729, p = .472 

Handedness 76.1 (26.2) [60] 90 (14.1) [40] 1.790, p = .085 

IQ 112.72 (22.56) [66] 108.86 (12.67) [42] .573, p = .571 

Autism-Spectrum 

Quotient (AQ) 

34.9 (11.3) [35] 12.71 (5.6) [19] 6.722, p < .001 

 

 

Table 2. Participant demographics and statistical comparison of group averages for the 

reduced, all-male sample. Values represent group averages with standard deviations in 

brackets () and range in square brackets []. 

 ASC group (N=10) Control Group 

(N=10) 

Statistical testing (t) 

Age 32.8 (11.11) [34] 29.1 (12.9) [44] .515, p = .613 

Handedness 76 (30.6) [60] 90 (12.5) [60] 1.339, p = .197 

IQ 112.3 (26.7) [60] 107.5 (12.5) [42] .684, p = .502 

Autism-Spectrum 

Quotient (AQ) 

32.5 (9.1) [29] 13.8 (6) [16] 5.438, p < .001 
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Figure captions 

Figure 1. Example seed (A) and inclusion (B) ROIs for a representative participant, 

defined in accordance with Liégeois et al., (2013). Panel C shows the track-density image 

for the left AF of the same participant (left), and also the thresholded AF mask used for 

the statistical analysis (right). 

Figure 2: Average fractional anisotropy (FA) and volume of (number of voxels in) the 

arcuate fasciculus for each group. Error bars reflect standard error. Asterisks (*) reflect 

significant group differences. 

Figure 3: Correlations between autistic traits, as measured by the Autism-Spectrum 

Quotient, and volume of the arcuate fasciculus. These are displayed for the left and right 

hemispheres respectively, with control participants represented by grey circles, ASC 

participants by grey triangles. 

Figure 4: average fractional anisotropy and volume of (number of voxels in) the arcuate 

fasciculus in the smaller, male only subgroups. As before, asterisks (*) reflect significant 

group differences, and error bars reflect standard error.   

 


