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Background: Diffusion tensor imaging (DTI) is a powerful tool for investigating brain

anatomical connectivity. The aim of our study was to compare brain connectivity among

children with autism spectrum disorders (ASD), developmental dysphasia (DD), and healthy

controls (HC) in the following tracts: the arcuate fasciculus (AF), inferior frontal occipital

fasciculus (IFOF), inferior longitudinal fasciculus (ILF), and uncinate fasciculus (UF).

Methods: Our sample consisted of 113 children with a mean age 8.7±2.2 years (77 boys, 36

girls), divided into three subgroups: ASD (n=39), DD (n=36), and HC (n=38). The

International Classification of Diseases, 10th ed. was used to make clinical diagnoses. DTI

images were collected using a 1.5 T Phillips Achieva MR imaging system.

Results: Detailed analyses of fractional anisotropy (FA) revealed significant differences

among the ASD, DD, and HC groups in the left AF (p=0.014) and right AF (p=0.001), the

left IFOF (p<0.001) and right IFOF (p<0.001), the left ILF (p<0.001) and right ILF

(p<0.001), but not in the UF. Post-hoc analyses revealed three patterns of FA differences

among the groups: (1) in the right AF, right IFOF, and right ILF, FA was significantly lower

in the ASD group compared to the DD and HC groups; however, there was no difference in

FA between DD and HC; (2) in the left AF and left IFOF, FA was significantly lower in the

ASD than in the HC group, but there were no differences between DD vs HC nor DD vs

ASD; and (3) in the left ILF, no difference in FA was seen between ASD and DD, but FA in

both was significantly lower than in the HC.

Conclusion: Microstructural white matter properties differed between ASD vs DD and HC

subjects. The tract where FA impairment in ASD and DD subjects was the most similar was

the left ILF.

Keywords: autism, developmental dysphasia, magnetic resonance imaging, diffusion tensor

imaging, tractography

Introduction
Diffusion tensor imaging (DTI) is a sensitive, noninvasive method of mapping and

characterizing the microstructural properties and macroscopic organization of white

matter tissues in the brain.1 Since the first DTI study in autism spectrum disorders

(ASD) published by Barnea-Goraly et al,2 the number of studies has quickly

increased. A meta-analysis by Aoki et al3 found 39 DTI studies and a systematic

review by Ameis and Catani4 found 72 studies in ASD.

The majority of DTI studies in ASD subjects have reported reduced white matter

integrity, resulting in lower fractional anisotropy (FA) and/or higher mean diffusivity
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(MD) values in long-range anterior-posterior and interhemi-

spheric fiber tracts.5 The most commonly reported areas for

decreased FA values were the corpus callosum (CC) and

association fibers including the superior longitudinal fasci-

culus (SLF), inferior longitudinal fasciculus (ILF), inferior

frontal occipital fasciculus (IFOF), uncinate fasciculus

(UF), and cingulum.3,5,6 The FA results regarding the arcu-

ate fasciculus (AF) are inconsistent.1 The SLF, CC, and

corticospinal tracts were the most commonly mentioned

structures associated with increased MD.5

DTI research in developmental dysphasia (DD) has been

limited. Verhoeven et al7 focused on the superior longitudinal

fasciculus and reported reduced FA in DD but not in ASD

(with language impairment) compared to controls. Roberts et

al8 focused on the AF and demonstrated increasedMD of the

left AF in DD as well as in ASD; however, MD of the right

AF and FA of the AF bilaterally could not differentiate either

diagnosis from controls. Vydrova et al9 found that children

withDD compared to controls showed a bilaterally decreased

FA in the AF, IFOF, ILF, and UF.

As has been shown in the literature, DTI has frequently

been used in separate studies of individuals with autism

spectrum disorders (ASD) as well as those with develop-

mental dysphasia (DD). The aim of our study was to com-

pare brain connectivity among children with ASD, DD, and

healthy controls (HC) in a single study. We believe that to

identify similarities and differences at the microstructural

level between two neurodevelopmental disorders (ASD and

DD) can facilitate future investigations seeking to classify

individual developmental disorders. We focused on four

tracts that have been strongly implicated in the pathogenesis

of both ASD and DD: the AF, IFOF, ILF, and UF. The AF

has long been considered to connect brain areas involved in

language understanding and production.1 Research into the

IFOF has revealed its role in semantic processing and

perception of facial expression.10 The ILF is involved in

processing and modulating visual cues including facial

recognition, and its disruption is associated with emotional

difficulties in ASD.11,12 Recent research suggests that the

UF may be involved in proper name retrieval, emotion

recognition, and self-awareness.1

Methods
Sample
Our sample was comprised of 113 children with a mean age

of 8.7 ± 2.2 years (range 5.0–13.2 years; 77 boys, 36 girls),

divided into three subgroups: ASD (n=39), DD (n=36), and

HC (n=38). Descriptive characteristics of the subgroups are

given in Table 1. The subgroups did not differ in age or

handedness but there were significantly more girls in the

DD and HC groups than in the ASD group.

Clinical examinations, based on the International

Classification of Diseases, 10th ed. (ICD-10),13 were used

to make clinical diagnoses. A diagnosis of autism in the ASD

group was confirmed using the Autism Diagnostic

Observation Schedule-Generic (ADOS)14 and/or the

Autism Diagnostic Interview-Revised (ADI-R);15 there

were 25 children with childhood autism, 9 children with

Asperger syndrome, and 5 children with atypical autism.

The diagnosis of DD was supported by the Token Test for

Children16 and the subtest Word List Recall from Working

Memory Test Battery for Children.17 In the HC group, ASD

was excluded using the Childhood Autism Spectrum Test

(CAST),18 and in the DD group using clinical examinations.

Subjects with any psychiatric diagnosis (other than the

ASD or DD), mental retardation, and/or genetic syndrome

were excluded.

Procedure
The study was approved by the Multicenter Ethics

Committee of the University Hospital Motol under

Reference No. EK-860/15. All procedures performed in

the study involving human participants were in accordance

with the 1964 Helsinki declaration and its later amend-

ments. A signed informed consent was obtained from

parents who agreed to have their child participate in the

study.

Table 1 Descriptive Characteristics Of The Sample Subgroups

Subgroup Mean (SD) Or Frequency (%) Comparison

ASD (N=39) DD (N=36) HC (N=38)

Age (years) 8.0 (2.5) 8.9 (2.2) 9.2 (1.6) F=2.949, df=2, P=0.057

Gender (boys/girls) 35/4 25/11 17/21 Chi2=18.000, df=2, P<0.001

Handedness (right-handed) 30 31 31 Chi2=1.276, df=2, P=0.528

Abbreviations: SD, standard deviation; ASD, autism spectrum disorders; DD, developmental dysphasia; HC, healthy controls; N, number of children.
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In the Czech Republic, some hospitals (including ours)

perform routine brain magnetic resonance imaging (MRI)

(most of which are done under general anesthesia) as part

of autism diagnostic procedures. Therefore, parents of

ASD children who had agreed with the routine MRI

needed only to agree to supplementation of the routine

MRI using the DTI protocol. The DD and HC group

underwent MRI without general anesthesia.

IQ testing was also performed to exclude individuals

with mental retardation. The Wechsler Preschool and

Primary Scale of Intelligence, Fourth UK edition

(WPPSI-IV) and the Wechsler Intelligence Scale for

Children, Fourth UK edition (WISC-IV) were used for

most children. For some autistic children, the Snijders-

Oomen Nonverbal Intelligence Test, Revision 2, 5–7

(SON-R 2, 5–7) and the Bayley Scales of Infant and

Toddler Development, Third Edition (Bayley III) were

alternatively used.

Data Acquisition
Diffusion-weighted images were collected using a 1.5 T

Philips Achieva and the spin-echo echo-planar imaging

sequence PHILIPS DTI_HIGH (echo time TE = 80 ms,

repetition time TR = 11.854 ms with 32 diffusion direc-

tions with the diffusion weighting of b = 800 s/mm2 and

one b0 volume, 2 x 2 x 2 mm voxels, acquisition matrix =

112 x 112, number of averages 2. 75 slices per volume.

Phase-Encode-Reversed pairs (blip-up-blip-down) of

images were measured to perform distortion correction,

which allows better registration of diffused data to struc-

tural images. The set of images contains the single-diffu-

sion-weighted volume from the main diffusion acquisition

(b=0) and the same volume measured with the opposite

direction of phase encoding (b=0).

A T1-weighted 3D gradient recalled (GR) morphologi-

cal sagittal scan was performed for each subject for anato-

mical localization of fiber tracts (repetition time TR = 25

ms, echo time TE = 4.6 ms, matrix = 480 x 323, slice

thickness = 1 mm). An eight-channel, sensitivity encoding

SENSE head coil was used. The imaging sections were

positioned to make the section perpendicular to the ante-

rior commissure-posterior commissure line. Total scanning

time was approximately 25 min per subject.

Data Processing
Images were processed using FSL tools (FMRIB Software

Library v5.0.8).19–21 Raw diffusion data were converted

from the DICOM format to NIfTI using the dcm2nii tool

and b-values (bvals), and diffusion vectors (bvecs) were

extracted. All diffusion-weighted images passed the FSL

TOPUP and EDDY pre-processing steps for estimating

and correcting susceptibility-induced distortions caused

by susceptibility distribution of the subject’s head and by

eddy currents from the rapid switching of the gradient

coils during diffusion measurement.22 A set of two ante-

rior-posterior and posterior-anterior phase-encoded b0

images were used to estimate the field of distribution of

image distortions. Diffusion-weighted images, as well as

the structural images, underwent visual observation and

those with evident head motion artifacts were removed

from further processing. Data of subjects that passed

visual observation were corrected for possible head

motion; the affected brain tissue was extracted from cor-

rected data using FMRIB’s Diffusion Toolbox (FDT) and

BET FSL-utilities.23

Then the b0 corrected diffusion image from each sub-

ject was registered to the corresponding structural

T1-weighted image with higher resolution and normalized

to the standard MNI152 space using an affine linear trans-

formation FLIRT24–26 and a non-linear transformation

FNIRT27–29 to provide forward and reverse transformation

matrices and a deformation warp-field.

The DTIFIT30,31 tool was used on pre-processed and

corrected data to fit a diffusion tensor model for each

voxel. Volumes of three eigenvectors (V1–V3) and three

eigenvalues (λ1–λ3) were estimated from the input gradi-

ent vectors, b-values, and diffusion-weighted data. Next,

scalar maps were estimated, such as fractional anisotropy

(FA), mean diffusivity (MD), and mode of the anisotropy

(MO). The axial diffusivity map (AD) was calculated from

eigenvalue λ1 (AD = λ1) and the radial diffusivity (RD)

map was an arithmetic mean of the second and third

eigenvalue RD = (λ2 + λ3)/2.
The Bayesian estimation of diffusion parameters was

obtained using BEDPOSTX sampling techniques. The

BEDPOSTX tool runs Markov Chain Monte Carlo sam-

pling, which is used to build distributions based on diffu-

sion parameters. It can also model the number of crossing

fibers at each voxel. Additionally, the tool creates all the

necessary data for running probabilistic tractography. In

our study, the number of possible crossing fibers per one

voxel was set to 2.

Probabilistic tractography analysis was then performed

using the FLS implemented algorithm. PROBTRACKX

repetitively samples from the distributions of voxel-wise

principal diffusion directions, each time computing a
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streamline through these local samples to generate a prob-

abilistic streamline or a sample from the distribution at the

location of the true streamline. By taking many such

samples, FDT can build up the histogram of the posterior

distribution on the streamline location or the connectivity

distribution.31

Predefined parameters of the algorithm were set to

5,000 fiber streamlines, and the curvature threshold was

set at 0.2, which means a minimal angle, approximately

80 degrees. The minimum length threshold was not

applied, and the length of each step was set to 0.5 mm.

Multiple masks were used as seed regions to generate a

connectivity distribution between these regions of inter-

est (ROI); the target set or exclusion mask was used to

lead or reduce the generated pathways. The system of

ROIs for each particular tract was predefined and stan-

dardized in MNI152 (Montreal Neurological Institute)

space (Mazziotta et al, Collins et al).32,33 The ROI system

for arcuate fascicle (AF) tracking was identical to the one

implemented by Giorgio et al34 and Chen et al.35 In order

to delineate the other tracts, we used the seed ROI system

with respect to Catani’s imaging tractography atlas.36,37

The same ROI system for all tracts was used in the

Vydrova et al study.9

In the obtained connectivity map, diffusion parameters

and volumes were calculated for each tract using

FSLMATS and FSLSTATS tools. Weighted averages of

all diffusion parameters were calculated for each tract

using the weighting of diffusion probability as an output

of the PROBTRACKX calculation. The weighted average

reduces partial volume effects and better describes the

means of detected tracts. Connectivity maps were trans-

formed to the MNI space and normalized. The intensity

threshold was defined as 10% of the maximal image

intensity. All voxels with the intensity under this estab-

lished threshold were removed from the map. Tract

volumes were calculated from non-zero voxels in the

reduced connectivity map, and all diffusion parameters

were obtained from scalar maps.

Tract-Based Spatial Statistics
Tract-Based Spatial Statistics (TBSS)38 for the whole

brain was performed. In short, the mean fractional aniso-

tropy image was calculated for each pair of compared

groups. With regard to the age of the examined pediatric

subjects and the size of the brains, a study-specific tem-

plate was used. The study-specific template was created

by co-registration of FA images to every other image, and

each subject to the other subjects, and the “most repre-

sentative” one was chosen as the target. All FA images

across the two groups were aligned using non-linear

registration to the target, ie, the most “typical” subject.

The mean FA image was then skeletonized with a thresh-

old of FA > 0.2 to exclude peripheral tracts. Next, a

“distance map” was created from the skeleton mask for

each subject and was used for the projection of FA onto

the skeleton. Voxelwise statistics on the skeletonized FA

data was performed. A general linear model (GLM) was

predefined for each compared set of groups; data were

randomized with a threshold-free cluster enhancement

option. Independent samples t-tests were used on FA

skeletonized images, across all subject in the compared

groups, to find which FA skeleton voxels were signifi-

cantly different. A similar procedure was performed for

other diffusion maps, such as MD. Results of the TBSS

analysis were then displayed using the FSLEYES viewer.

Based on the tractography results of our study (see the

Results section) and in order to specify the similarities

which had been seen in the ASD and DD groups, TBSS

analysis was only performed on the left ILF. The mask of

mean left ILF was calculated as the average of all pre-

viously detected left ILFs of the particular subject. A

study-specific left ILF mask, which was transformed to

MNI space, was compared with the probability map of the

left ILF from the JHU White Tractography Atlas imple-

mented in the FSLEYES viewer. The previously detected

whole brain skeleton and all skeletonized data were

masked by multiplication using the study mask for the

specific left ILF so that only the left ILF is shown.

Data Analysis
Statistical analysis was performed using the Statistical

Package for the Social Sciences version 22.0 software

(IBM Corporation, Armonk, NY, USA) and statistical soft-

ware R.39 Descriptive statistics for the sample was used. For

analysis of the age differences among the subgroups, a one-

way ANOVAwas used. For analysis of gender and handed-

ness differences among the subgroups, the chi-square test

was used. The Kruskal-Wallis test was used for comparing

the three research subgroups relative to diffusivity and

volume measurements, and the Tukey correction was

applied for multiple testing. For post-hoc analyses, which

were performed on tracts with significant subgroups´ differ-

ences as measured using the Kruskal-Wallis test, the

Nemenyi test was used.
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Results
Diffusivity Measurements
Detailed analyses of FA showed significant differences

among the ASD, DD, and HC groups in the left AF

(P=0.014) and right AF (P =0.001), the left IFOF

(P<0.001) and right IFOF (P<0.001), the left ILF

(P<0.001) and right ILF (P <0.001), but not in the UF

(for details, see Table 2).

Post-hoc analyses revealed three patterns of FA differ-

ences among the groups: (1) in the right AF, right IFOF,

and right ILF, FA differed significantly between the ASD

group and the DD and HC groups; however, there was no

difference in FA between DD and HC; (2) in the left AF

and left IFOF, FA differed significantly between ASD and

HC, but there were no differences between DD vs HC or

DD vs ASD; and (3) in the left ILF, no difference was seen

between ASD and DD, but both were significantly differ-

ent from HC (for details, see Table 2).

Detailed analyses of MD revealed significant differ-

ences among the ASD, DD, and HC groups in all four

tracts bilaterally: in the left AF (P<0.001) and right AF

(P=0.012), the left IFOF (P<0.001) and right IFOF (P

<0.001), the left ILF (P<0.001) and right ILF (P=0.001),

and in the left UF (P<0.001) and right UF (P<0.001). For

details, see Table 2. Post-hoc analyses showed that MD in

the left AF, right IFOF, and left ILF differed significantly

between the ASD group and the DD and HC groups;

however, there was no difference in MD between DD

and HC. In the right AF and right ILF, MD differed

significantly between ASD and HC, but there were no

differences between DD vs HC or DD vs ASD. In the

left IFOF, no difference was seen between ASD and DD,

but both were significantly different from HC. Finally, in

both the left and right UF, MD differed significantly

between ASD and HC and between DD and HC; however,

there was no difference in MD between ASD and DD (for

details, see Table 2).

Volumes Of The Tracts
Regarding volumes, differences among the subgroups

were only detected in the left AF (P=0.003) and right AF

(P=0.002), right IFOF (P=0.017), and right UF (P=0.007).

Post-hoc analyses showed that in the left AF, volumes

differed significantly between ASD and HC, but there

were no differences between DD vs HC or DD vs ASD.

In the right AF and right IFOF, volumes differed signifi-

cantly between the ASD group and the DD and HC

groups; however, there was no difference between DD

and HC. In the right UF, volumes differed significantly

only between the DD and HC groups (for details, see

Table 2).

TBSS Results Focused On The Left ILF
TBSS statistics focused on the left ILF, the only tract

where the FA findings in the ASD and DD groups were

similar, and both differed from controls in the general

statistics. The TBSS enabled us to specify and localize

the differences in FA between the groups in a pair-wise

manner. The TBSS results confirmed that the differences

between the ASD and control group included the whole

ILF. The differences between the DD and HC groups were

mostly localized to the anterior and central parts of the

ILF, while the differences between the ASD and DD group

were most prominent in the posterior part of the tract

(Figure 1).

Regarding MD, the TBSS results also confirmed that

the differences between the ASD and control group

included the whole ILF. The MD differences between the

DD and HC groups were mostly localized to the anterior

part of the tract, while the differences between the ASD

and DD group were most obvious in the central part of the

ILF (Figure 1).

To summarize the TBSS results from FA as well as

MD, showed that the left ILF was the most similar

between ASD and DD in the anterior part.

Discussion
In our study, we observed a significant bilateral decrease in

the FA in the ASD group compared to the HC group in the

AF, IFOF, and ILF. This observation agrees with a number

of previous studies.40–49 However, observations suggesting

a significant increase in FA50–52 or no change in FA53 also

exist.

Our study cannot confirm the findings of Roberts et al8

that MD of the left AF was increased in both ASD and

DD; in fact, we found it to only be true for ASD. Unlike

Roberts et al, we found decreased FA in the left AF for

ASD, but not for DD, compared to controls. Our results

also disagree with the study by Vydrova et al9 who found

significant changes between the DD and HC groups in all

investigated tracts. We did not study the superior long-

itudinal fasciculus; therefore, our results are not fully

comparable with the Verhoeven et al study.7

In particular, FA and MD differences between the

ASD and control group have been more consistently
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reported in child populations, as opposed to adult

populations.54 Most importantly, recent reports have

highlighted the lack of specificity of DTI metrics as

one of their main limitations.1 Both FA and MD differ-

ences may arise from a variety of factors including

differences in myelination, axonal fiber density and

caliber, and fiber tract homogeneity, all of which can

make it difficult to interpret the underlying pathology of

the observed differences.54

Tract volumes have been less frequently investigated,

and the results have been inconsistent. We reported a

bilateral volume increase of AF in ASD compared to

HC; however, in contrast, we also observed a volume

decrease in the right IFOF in ASD compared to both DD

and HC. In the right UF, volumes differed significantly

between the DD and HC groups with larger volumes being

seen in the DD group. Pugliese et al55 studied adolescents

and young adults with Asperger syndrome and found that

Asperger patients had a significantly higher number of

bilateral streamlines in the ILF compared to controls

(also after co-varying for brain volume), which may indi-

cate larger tract volumes. Vydrova et al9 reported an

increased volume for the left and right ILF in the DD

group compared to controls.

The general finding from our study was a consistent

trend in the right-sided tracts of AF, IFOF, and ILF in

which the FA in DD did not differ from HC, and the FA in

both subgroups (DD and HC) was significantly higher than

in the ASD subgroup. In the equivalent left-sided tracts,

there was no consistent trend. In the left AF and left IFOF,

group differences in FA were driven mainly by differences

between ASD and HC, whereas differences between sub-

groups, ie, DD vs HC and ASD vs HC, were not signifi-

cant. A different situation was seen in the left ILF; the FA

between the ASD and DD subgroups did not differ, and

FA in both subgroups (ie, DD and ASD) was significantly

lower compared to the HC subgroup. This implies that the

tract, where impairments in ASD and DD subjects are the

most similar, is the left ILF.

While the right ILF seems to be crucial for efficient

face and emotion recognition, abnormalities in the left ILF

have been connected with poor decoding in reading and

impaired lexical retrieval.11 ASD individuals with poor

language skills display lower FA in the posterior part of

the left ILF compared to ASD individuals with moderate

to strong language skills.56 In a non-clinical population,

FA values of the left ILF positively correlated with the

autism-spectrum quotient.57

Figure 1 Tract-Based spatial statistics for the left inferior longitudinal fasciculus. Voxels without differences between the two groups are in green. Voxels with the most

significant differences between the two groups are coded using a red-to-yellow color map.

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; A, autism spectrum disorders; D, developmental dysphasia; C, healthy controls.
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The reproducibility of connectivity studies in ASD is

generally limited by a growing body of evidence that

autism is not a unitary disorder but rather a group of

conditions that are heterogeneous in etiology and clinical

manifestation.58–60 On the other hand, emergent DTI

research includes new promising techniques that involve

machine learning61 as well as research into understudied

regions of the brain, eg the cerebellum.62

The limitation of our study was that the research sub-

groups were not fully balanced regarding gender.

However, we previously performed an exploratory analy-

sis in order to determine if the diffusivity measures and

volumes of the investigated tracts differed between boys

and girls. We found that no significant gender differences,

which would survive the Tukey correction for multiple

comparisons (P<0.01797), existed in either tract or in

either subgroup.

A further limitation was that the MRI scanning in ASD

subgroup was done with anesthesia, whereas in DD and

HC subgroups it was done without anesthesia, which had a

slight influence on the frequency of mild motion artifacts

in the subgroups (0 vs 3 vs 2 subjects). We also used a

1.5 T MRI scanner, which was what was available to us,

whereas many other studies have used more advanced 3 T

scanners. The b-values b = 800 s/mm2 used in diffusion

scans in this study was chosen with respect to MR scanner

limitations and the type of gradient coils used. Use of

higher b-values allowed us to get better diffusion sensitiv-

ity but increased the number of unwanted image

distortions.

Conclusion
In this paper, we used DTI to measure microstructural

white matter differences between children with ASD and

DD, and healthy controls. In the left ILF, a significantly

reduced FA was observed in both ASD and DD subgroups

compared to HC subgroup. This finding was supported by

TBSS, which showed that the similarities between the

ASD and DD subgroups were primarily localized in the

anterior part of the left ILF.
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