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Objective: Here, we examined the cingulum bundle, a long-range white
matter tract mediating dorsal limbic connectivity, using diffusion tensor
imaging (DTI) tractography, in children and adolescents with autism
spectrum disorder (ASD) versus controls. We hypothesised that
cingulum bundle microstructure would be altered in ASD, based on
evidence implicating abnormal white matter connectivity in this disorder.
Methods: DTI data were acquired for 19 ASD participants (IQ = 70;
7-18 years; mean = 12.4 + 3.1) and 16 age-matched controls (7-18
years; mean = 12.3 + 3.6) on a 3 T magnetic resonance imaging system.
Deterministic tractography was used to isolate the cingulum bundle. Left

and right cingulum bundles were examined for differences in several
Keywords: autism spectrum disorder, diffusion

DTI metrics in ASD children/adolescents versus controls, including:
fractional anisotropy (FA), mean, axial, and radial diffusivity.

Results: Significant age x group interaction effects were found for all
DTI metrics (mean diffusivity: Fj ;5 = 9.5, p = 0.005, radial diffusivity:
Fl8 =178, p=0.009, axial diffusivity: F'j 3 =5.2, p=0.03, FA: F 5 =44,
p = 0.04). Interaction effects were driven by increases in cingulum bundle
diffusivity (mean, radial, and axial diffusivity), and decreased FA, in younger
ASD participants within our sample versus controls.

Conclusion: Our results point to immature microstructural organisation of
the cingulum bundle in ASD, particularly during the early years of life, with
implications for limbic network synchronisation and complex socio-emotional
performance.
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Significant outcomes
e Altered cingulum bundle microstructure was found in autism spectrum disorder (ASD) participants
versus controls.
e Microstructural differences signalled atypical development of the cingulum bundle in ASD.
e Our work provides further evidence for impaired limbic system connectivity in developing individuals
with ASD.

Limitations
e To further validate these results, studies using larger sample sizes will be needed.
e As ASD participants examined in this study were high functioning (IQ = 70), results may not
generalise to lower functioning individuals on the autism spectrum.

Introduction Recently, evidence for altered brain connectivity in
ASD has indicated that impaired integration of
The ASD is a neurodevelopmental disorder large-scale neural networks may play a central role

characterised by impaired social interaction and
communication, and inflexible behaviours (1).

in the aetiology of the disorder (2). In particular, the
high-order socio-emotional functioning that is otherwise
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impaired in ASD is reliant on integrated activity
across a broad network of structures involved in
socio-emotional processing. Socio-emotional processing
structures include ventral (i.e., amygdala, orbito-frontal
cortex) and dorsal (i.e., anterior/posterior cingulate
cortex, precuneus) limbic structures within frontal
and temporal lobes, which are linked by long-range
white matter tracts facilitating broad network
synchronisation (3). Post-mortem and magnetic
resonance imaging (MRI) findings in ASD include:
altered expression of genes involved in regulating
synapse structure in frontal and temporal cortex (4),
reduced functional connectivity between limbic
regions during socio-emotional performance (5),
abnormal frontal and temporal white matter growth
(6), and altered axonal density within anterior cingulate
white matter (7), which collectively implicate the
presence of disrupted connectivity within the limbic
network in the disorder. Further examination of the
microstructural properties of impaired limbic
connectivity in ASD is central to gaining insight
into the biology of characteristic socio-emotional
deficits in this disorder.

Diffusion tensor imaging (DTI) is a non-invasive
MRI-based imaging modality that can track
diffusion of water molecules in brain tissue (8).
Given the highly restricted structure of white
matter tracts, different DTI metrics [i.e., fractional
anisotropy (FA), mean diffusivity, radial, and axial
diffusivity] reflecting the extent of water molecule
movement within three principal eigenvectors can
provide detailed in vivo information regarding white
matter microstructure, in a manner not possible
with conventional MRI (9). In a recently published
study, our research group added to a growing
number of DTI publications in ASD (10). Using
tract-based spatial statistics (TBSS), an optimised
method for voxel-wise comparisons of DTI data, we
showed increased mean and radial diffusivity across
cortico-cortical and inter-hemispheric white matter
voxels in children with ASD, compared with controls;
a finding that was consistent with several voxel-wise
comparison studies highlighting broad impairments of
white matter integrity in the developing ASD brain
(11-14). Our follow-up comparisons of white matter
tracts featuring prominent voxel-based alterations
on TBSS (i.e., corona radiata, inferior longitudinal
fasciculus, uncinate fasciculus, inferior fronto-occipital
fasciculus, corpus callosum, and superior longitudinal
fasciculus) highlighted increased diffusivity in corona
radiata, inferior longitudinal fasciculus, and the uncinate
fasciculus in ASD (10), and provided added information
regarding the potential for altered connectivity within
neural networks linked by these tracts. As the uncinate
fasciculus and inferior longitudinal fasciculus are
long-range white matter tracts that integrate ventral
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brain structures involved in emotion and face
processing across a broad fronto-temporo-occipital
circuit, microstructural abnormalities affecting these
tracts point to secondary impairments in ventral
limbic connectivity in ASD. These findings raise
questions as to whether impaired limbic connectivity
extends to the cingulum bundle, a long-range white
matter tract integrating dorsal limbic structures in
ASD, with implications for impaired synchronisation
across an extended network of structures involved in
socio-emotional processing.

Whereas the uncinate fasciculus primarily links
ventral (fronto-temporal) limbic system structures,
the cingulum bundle, representing a major means
for intra-hemispheric long-range brain connectivity,
mediates dorsal limbic system integration. The
cingulum bundle provides a link between grey
matter structures that are important for mentalisation,
abstraction, and emotional reflection, domains of
core deficiency in ASD (3). Therefore, investigating
whether structural white matter alterations extend to
the cingulum bundle in ASD, is of significant interest
with respect to furthering our understanding of
etiopathogenic factors contributing to ASD social
impairments. Previously, diffusion tensor tractography,
enabling isolation and characterisation of specific
white matter tracts using DTI data (15), has shown
reduced FA (signalling impaired white matter
integrity) in the cingulum bundle in children with
ASD (16). However, a DTI tractography study in
adolescents, failed to find reduced FA within the
cingulum bundle in ASD, compared with controls
(17). Further, the only tractography study to examine
radial and axial diffusivity values in addition to
FA and mean diffusivity in cingulum bundle (DTI
indices that can provide additional information
regarding the primary orientation of water diffusion
in white matter tissue and insight into cellular
properties that may drive differences in structural
white matter indices) did so in young children with
ASD (~3 years of age) (18). In this tractography
study of young children, increased as opposed to
decreased FA was found in the cingulum bundle in
ASD (18). Therefore, based on conflicting results from
previous DTI tractography studies in ASD, questions
remain regarding the presence and profile of
microstructural white matter alterations affecting
the cingulum bundle in children and adolescents
with this disorder.

Aims of the present study

The aim of the present study was to use DTI
tractography to examine FA, mean diffusivity, as
well as radial and axial diffusivity values in the
cingulum bundle in children and adolescents with
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ASD, compared with controls, as a means to further
characterise the nature of impaired limbic system
connectivity in this population, and resolve some
outstanding questions regarding microstructural
alterations affecting the cingulum bundle in ASD.

Material and methods
Participants

Participants included children and adolescents with
ASD and full scale IQ=70 (estimated by the
Wechsler Intelligence Scale for Children — 4th edn)
(19), recruited through the Seaver Autism Center at the
Mount Sinai School of Medicine (New York, NY,
USA). Participants were excluded based on a history
of: head injury, genetic disorder associated with autism
(e.g., Fragile X syndrome), or co-morbid psychiatric or
medical conditions. Diagnoses of autistic disorder and
Asperger disorder were made according to DSM-IV-TR
criteria (1), and supported by the Autism Diagnostic
Observation Schedule (ADOS) (20) and Autism
Diagnostic Interview-Revised (ADI-R) (21). Nineteen
unmedicated children and adolescents with ASD
(7-18 years of age; mean 12.4 + 3.1 years; three
females, 16 males; 14 Asperger disorder, five
autistic disorder) made up our ASD group. Our
control group consisted of 16 typically developing
children and adolescents (718 years of age; mean
12.3 + 3.6 years; eight females, eight males)
recruited using advertisements in local media.
Ethics approval was obtained from the Institutional
Review Board of the Mount Sinai School of
Medicine. Informed consent and child assent was
obtained from all participants in accordance with the
Helsinki agreement and institutional guidelines. The
DTI data from the sample described above were
previously analysed using a TBSS approach (10).

Diffusion tensor imaging acquisition

All DTI scans were acquired on a 3T Siemens
Allegra head-dedicated MRI system (Siemens AG,
Medical Solutions, Erlangen, Germany) using a
pulsed-gradient spin-echo sequence with echo-planar
imaging acquisition (repetition time =4100ms, echo
time =80ms, field of view=2lcm, matrix=
128 x 128, 28 slices, thickness = 3 mm, skip = 1 mm,
b factor = 1250 s/mm?). One non-diffusion-weighted
(b=0) image, along with data for 12 gradient
directions with five averages, was acquired.

Image analysis

Following Eddy current correction of raw diffusion-
weighted images using FSL 4.1 (Functional Magnetic
Resonance Imaging of the Brain Software Library;
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www.fmrib.ox.ac.uk/fsl/) software (22,23), the diffusion
tensor and three diagonal tensor elements (eigenvalues
A1, A2, and A3) were calculated for each image voxel
using Diffusion Toolkit software (http:/trackvis.org)
(24). Four DTI metrics were extracted for the left
and right cingulum bundle in the present study:
(i) FA; a tensor-derived metric representing the
degree of directionality of water diffusion for a
given image voxel on a scale from 0 (random
diffusion) to 1 (diffusion in one direction), (ii) mean
diffusivity; average diffusion across all eigenvectors
of the diffusion tensor [(A1 + A2 + A3)/3), (iii) axial
diffusivity; a measure of diffusion within the
principle eigenvector (eigenvalue = A1), thought to
represent diffusion that is parallel to white matter
axons, and (iv) radial diffusivity; an index of average
diffusion across the two minor axes of the diffusion
tensor [(A2 + A3)/2), thought to reflect diffusion
perpendicular to white matter axons (8,9,25). The
Diffusion toolkit (Trackvis, http://trackvis.org) (24)
was used for fibre tracking based on a standard Fiber
Assignment by Continuous Tracking approach with
step length 0.5mm; FA threshold of 0.2, angle
threshold of 45° (15); propagating streamlines from
‘seed’ regions of interest (ROI) and between adjacent
voxels to reconstruct the three-dimensional trajectory
of underlying white mater tracts. A single ROI was
manually defined by the first author of this study
(S.H.A.) for the cingulum bundle on each participant’s
FA map, in accordance with an established ROI
template for diffusion tensor tractography of long-
range white matter tracts (26). Following fibre
tracking, FA, mean diffusivity, axial, and radial
diffusivity values were sampled along the right and
left cingulum bundle, and means computed.

Statistical analysis

Statistical comparisons of the data were carried out
using SPSS software, version 20 (SPSS Inc.,
Chicago, Illinois, USA). First, to test for intra-rater
reliability (and the level of variation present in
diffusion measures derived from tract reconstructions
in our sample), intra-class correlation coefficients were
calculated for FA, and mean diffusivity values for
diffusion tensor tractography reconstructions of left
and right cingulum bundle on eight participant scans,
which were randomly selected from our overall
sample. Next, between-group differences in DTI
metrics for the cingulum bundle were examined
using a general linear model analysis for repeated
measures with hemispheric DTI metric (i.e., left and
right cingulum bundle FA) entered as within-subjects
factors and group entered as between-subjects factor;
age and gender were added as covariates. Main effects
for group, age, and gender were examined as well as
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interaction effects for these variables (group x age,
group x gender, age x gender). This same statistical
model was then repeated separately for all remaining
DTI outcome measures (i.e., mean diffusivity, axial,
and radial diffusivity). n” estimates of effect size were
also examined. Where significant between-group
effects were found, post hoc independent samples
t-tests were performed and Bonferroni’s multiple
comparison corrections applied to correct for compa-
risons of two white matter tracts (i.e., left and right
cingulum bundle, p =< 0.025).

Results
Demographics

No between-group differences for age or full scale
IQ were found (t1,33 = 003, pP= 01, tl,zg = _34,
p = 0.8, respectively) (see Table 1). No difference in
gender distribution was found between groups using
the Fisher exact test (all p > 0.05).

Intra-rater reliability

High intra-class correlation coefficients were found
on tests for intra-rater reliability of diffusion
measures derived from tractography reconstructions.
Intra-class correlation coefficients for left cingulum
bundle were: 0.93 (p < 0.001) and 0.99 (p <0.001) for
FA and mean diffusivity values, respectively. In right
cingulum bundle, intra-class correlation coefficients
were: 0.93 (p<0.001) and 0.96 (p <0.001) for FA
and mean diffusivity values, respectively.

Between-group differences for diffusion tensor imaging
outcome measures

A significant group x age interaction effect was found
for cingulum bundle: mean diffusivity (/25 =9.5,
p=0.005, n*=0.25), radial diffusivity (F}s=7.58,
p =0.009, n~ = 0.22), and axial diffusivity (8 =5.2,
p=0.03, m*=0.16). A significant group x age
interaction effect was also found for cingulum
bundle FA (Fi,5=4.4, p=0.04, n*>=0.14). No
significant findings were found for group x gender

Fl,28 = 021, pP= 065, radial dlfﬁlSlVlty F1,28 = 006,
p =0.80, axial diffusivity: F; 3= 0.6, p =0.45) or
age x gender (FA: F,3=0.26, p=0.62, mean
diffusivity: F,5 =0.001, p =0.98, radial diffusivity:
Fl,zg = 007, p= 080, axial dlfﬁlSlVlty F1’28 = 057,
p = 0.46) interaction terms for any of the DTI outcome
measures examined in the present study. To further
examine consistent group x age interaction effects
found for all four DTI metrics, post hoc t-tests were
performed after dividing our sample into ‘younger’
and ‘older’ sub-groups based on whether participants’
ages fell below or above the median group age for
the overall sample (median age = 11 years; younger
sub-group: age <11, older sub-group: age> 11, see
supplementary table 1). Post hoc t-tests revealed
significant increases in diffusion values in the young
ASD sub-group, compared with controls, for: bilateral
cingulum bundle mean diffusivity (left: ¢, 1, =3.9,
p=0.002, right: #; 1, =2.6, p = 0.024), left cingulum
axial diffusivity (¢, =3.8, p=0.003), and radial
diffusivity for bilateral cingulum bundle (left: # 1, = 3,
p=0.011, right: t, ;, = 2.9, p = 0.014). Decreased FA
in right cingulum was also found (#;,=—2.38,
p=0.016). No between-group differences were
found for the older sub-group (see Fig. 1).

To examine for associations between behaviour
and DTI metrics derived for the cingulum bundle,
we performed exploratory correlation analyses
between our DTI metrics (i.e., FA, mean, axial,
and radial diffusivity for right and left cingulum
bundle) and total scores for the social interaction,
communication, and stereotyped behaviours and
restricted interests sections of the ADOS and
ADI-R diagnostic algorithms. These analyses did
not reveal significant correlations between DTI
metrics for the cingulum bundle and ADOS/ADI-R
behavioural scores in the present sample.

Discussion

In the present study we examined FA, mean
diffusivity, radial, and axial diffusivity of the left
and right cingulum bundle using diffusion tensor
tractography in children and adolescents with ASD,
compared with controls. Our aim was to further

(FA: Fi53=0.00, p=099, mean diffusivity: explore limbic connectivity in ASD, and expand
Table 1. Demographic characteristics
Statistic Statistic
Group N Gender (M/F) Age (years) p FSIQ t p
ASD 19 16/3 12.4 (3.1) t33=0.03 0.97 98.5 (20.4) tog =34 0.74
HC 16 8/8 12.3 (3.6) 100.7 (14.5)

ASD, autism spectrum disorder; F, female; FSIQ, full scale 1Q; HC, healthy controls; M, male.

Data are expressed as mean (standard deviation).
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Fig. 1. Cingulum bundle microstructure in autism spectrum disorder versus healthy controls. Top left: tractography results for left
and right cingulum bundle are displayed. Top right and bottom: bar graphs for fractional anisotropy, mean diffusivity, and radial
diffusivity (R x D) displayed for left and right cingulum bundle in young (<11 years) and older (>11 years) autism spectrum
disorder (ASD) participants versus controls (CON). For mean diffusivity, radial diffusivity, and axial diffusivity, units = 10>
mm?/s; ~p-value = 0.02; *p-value = 0.01; **p-value = 0.002; * p-value = 0.003.

on our previous work highlighting prominent
microstructural disorganisation within ventral limbic
white matter connections in affected children (10).
Here, we found significant age x group interaction
effects across DTI metrics for the cingulum bundle.
These differences were driven by increases in
cingulum bundle diffusivity (i.e., mean, radial, and
axial diffusivity), and decreased FA, in young ASD
participants within our sample, compared with
controls. Our work provides further evidence for
impaired limbic system connectivity in developing
individuals with ASD.

Normative studies of white matter maturation
demonstrate that typical white matter development is
characterised by increasing FA, and decreasing mean
diffusivity, radial diffusivity, and to a lesser extent
axial diffusivity values, with increased age (9,27,28).
These DTI measured changes are thought to reflect
reduced water content, increased parallel organisation
of axons, decreased extra-axonal space, and my-
elination, occurring over a protracted (i.e., decades
long) period of typical white matter maturation (9).
Mature white matter tracts are capable of rapid signal
transmission between neurons, and facilitate tight
control over the speed and timing of activation
across neural networks; essential to complex mental
performance (29,30). Increased mean diffusivity, radial
and axial diffusivity, and decreased cingulum bundle
FA, as found in children with ASD (rather than
adolescents) compared with controls, may therefore be
consistent with immature underlying white matter
microstructure  (27,28). As the cingulum bundle
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integrates cortical structures such as anterior and
posterior cingulate cortex, precuneus, and temporo-
parietal junction, which together activate in response to
tasks involving mentalisation, personal reflection, and
emotional attribution (3), immature connectivity
between these structures would likely translate into
sub-optimal performance of complex socio-emotional
tasks, as is found in individuals with ASD (31).
Consistent with our findings, previous voxel-wise
DTTI studies have most often found decreased FA,
and increased diffusivity affecting widespread white
matter in ASD, including cingulum bundle (10-12,14).
Reduced FA has been observed on tract-specific
examination of the cingulum bundle in children with
ASD (16), and in regional evaluation of anterior
cingulate white matter in affected adults (32).
Conversely, in older adolescents and adults with
ASD, no FA differences have been found for
cingulum bundle using DTI tractography. However,
macrostructural abnormalities of the cingulum bundle
such as altered symmetry (17) and increased numbers
of streamlines (33) have been found in ASD compared
with controls, in older age groups. Interestingly, the
only published tractography study of very young
children with ASD compared with controls, found
increased cingulum bundle FA in ASD (18).
Inconsistencies in DTI findings for different age
groups, as well as the age x group interaction effects
found in the present study, may signal abnormal
development of the cingulum bundle in ASD
beginning in early life. Ongoing structural white
matter changes occurring with development into
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childhood and adolescence may then contribute to an
evolving picture of cingulum bundle pathology in
ASD, depending on the age-range under examination.

It is of interest that in the present study, FA values
were reduced in ASD in right but not left cingulum
bundle. In DTI, FA describes the degree to which
water diffusion occurs along one axis, and is
restricted in all other directions (9). In left
cingulum bundle, significant increases in axial
diffusivity were seen alongside increases in radial
diffusivity in ASD versus controls. Therefore, FA
differences may not have differed between groups
for left cingulum bundle, if axial diffusivity
increases in ASD (i.e., increases in the principal
axis of diffusion) exceeded radial diffusivity
increases (i.e., diffusion in all other directions) for
this tract. In contrast, radial diffusivity increased in
right cingulum bundle in ASD versus controls,
without significant change to axial diffusivity, thus
causing overall reductions in anisotropic water
restriction for the right cingulum bundle, and
reduced FA. The cellular properties that may drive
increases in axial and radial diffusivity are not well
defined (25,34-36); therefore, biological interpretations
must be made cautiously. However, we can speculate
that increased axonal density within the cingulum
bundle, could increase axial diffusivity (i.e., diffusion
that is parallel to axon orientation), and reduced myelin
thickness in white matter tracts could account for
increased radial diffusivity (decreased water diffusion
restriction perpendicular to axon orientation) (35).
Interestingly, preliminary evidence for altered myelin
thickness and axonal density has been found on post-
mortem white matter examination in ASD (7).

Our work adds to a growing body of evidence
supporting altered brain development, especially in
white matter tracts and affecting fronto-limbic
connectivity, in ASD (37). Longitudinal MRI studies
indicate that altered grey and white matter
development in early childhood ASD localises
prominently to frontal and temporal cortical regions
(6). Genetic risk loci for ASD often localise to genes
involved in regulating synapse structure (38). A recent
study indicating dramatic reductions in differential
gene expression patterns within frontal and temporal
cortex in post-mortem ASD was largely driven by
prominent alterations in synaptic function genes,
implicating impaired development of neuronal
connectivity within these broad cortical regions
(4). Within fronto-limbic regions specifically,
pronounced increases in minicolumn (i.e., cortical
processing unit) width and number in ASD are
postulated to promote increased short-range
connections at the expense of typical development
of long-range white matter connectivity (39,40).
Altered density among large and small diameter
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axons within anterior cingulate white matter in ASD,
and abnormal local growth protein expression found
within this region, provides strong evidence that
abnormal development of connectivity extends to
the cingulum bundle (7). Taken together, the extant
literature, including DTI findings pointing to
immature limbic white matter connections, strongly
implicates abnormal development of limbic white
matter connectivity in ASD.

Limitations of the present study include a small
sample size, and examination of children and
adolescents with high functioning ASD; therefore,
our results may not generalise across the autism
spectrum. Further, although gender distribution did
not differ significantly between our groups, upon
visual inspection there were more males in our ASD
versus control groups. Gender-based comparisons
have found white matter differences between the
sexes, including increased white matter integrity in
males (the opposite profile to what was found here in
ASD) that did not involve the cingulum bundle
(41,42), mitigating the possibility that sex differences
contributed to the present findings. Finally,
correlational analyses between DTI metrics and
symptom severity scales have been helpful in
interpreting the clinical significance of structural
DTI results in children with neurodevelopmental
disorders (43). In the present study, we did not find
correlations between white matter findings and
behaviour scores derived from the ADOS and
ADI-R. However, ADOS and ADI-R scores are not
normalised to provide an index of symptom severity
(44). In future, collection of a continuous measure
assessing severity of social symptoms in ASD may
prove useful for determining the clinical relevance
of structural white matter findings within socio-
emotional circuitry.

Our results indicate that white matter tract
development within the limbic system in ASD is
impaired, particularly during the early years of
life. Impaired cingulum bundle microstructure may
contribute significantly to the complex socio-emotional
impairments that characterise the ASDs. Longitudinal
studies tracking structural and functional development
of the limbic system in ASD, compared with controls,
are now needed to further understand network-based
disruption within this circuitry, and the etiopathogenic
factors contributing to characteristic social impairments
in this disorder.
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