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Potential differences in developmental trajectogravinvestigated in autism at both the
macro- and micro-scopic scale, using regional velwim measurements from in-vivo
scans and measurements of minicolumnar organisatiaime cortex in post-mortem
tissue. In addition, a study was carried out tcestigate the sensitivity of measures of
cortical diffusion to cortical architecture. Thréey regions of interest were studied
throughout this thesis, orbital frontal cortex (BB 1primary auditory cortex (BA41) and

part of the inferior parietal lobe (BA40).

Subjects with ASD showed increases in grey matideft parietal cortex and decreases
in left BA11 compared to controls. In addition, gdis with ASD showed increased grey
matter volume with age in both BA41 and the infeparietal lobe, whereas controls

only showed a negative correlation between greyenablume in BA41 and age.

Wider minicolumns were found in ASD in all regiorsyggesting pathology is not
restricted to higher order association areas. BRiffees seemed more pronounced at
younger ages suggesting an altered developmeagattory in ASD. Such an increase in

minicolumnar width arguably underlies the featuesdd processing style seen in ASD.

A pilot study using post-mortem DTI scans of MSihsarevealed a relationship between
measures of the directionality of diffusion and Width of axonal bundles in the cortex,
an aspect of the minicolumnar arrangement. Wheeneltg this investigation to a set of
ASD and control brains, evidence was found foredéht relationships between axon
bundle width and measures of the directionalitdiffiision in the cortex, suggesting that
although differences in axon bundle width were se¢n between groups, there may be

differences in the composition of the axon bundlietsveen ASD and control groups.
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Clinical Profile

Autism was first described by Kanner in 1943 (Kann&943) and since then

conceptualisations of autism spectrum disorder (ASiave undergone several
transformations. Early theories regarded ASD asldbbod schizophrenia’, although

changing definitions meant that by 1980 ASD wassatered a separate disorder which
was biological in origin. Further refinement of tdegnosis, through additions to the
criteria, occurred through subsequent editionshef Diagnostic and Statistical Manual
(DSM) before the latest reconceptualisation in DSMvhich reduces the number of

subcategories and simplifies the diagnostic catéee Table 1.1)(Baker, 2013).

Prior to the publication of DSM-5, ASD had been sidered a pervasive developmental
disorder, encompassing symptoms in three domaotwalsinteraction, communication
and restricted and repetitive behaviours. In DSMAISD was just one of 5 subcategories

within the pervasive developmental disorders greupch also included:

Asperger’'s disorder - distinguished by lack of idal delay in language
acquisition

Rett’s disorder - which has been excluded from DSEUe to discovery of the
genetic basis

Childhood Disintegrative disorder



Pervasive Developmental Disorder — Not OtherwisecBied (PDD-NOS) - a

catch-all for those with a pervasive developmedtabrder which did not meet

criteria for any of the other subcategories
This structure is largely reflected in the Interoaal Classification of Diseases (ICD)-10
description of pervasive developmental disordeldghddigh DSM-5 recognises a lot of
the same diagnostic criteria for ASD, it represantse of a conceptual shift, moving
from the ‘triad’ of impairments to a definition terms of two categories: ‘impairment in
reciprocal social communication and social inteaactwhich combines two previously
distinct categories, and ‘restricted, repetitivettgraas of behaviour’. There is also
increasing emphasis on the presence of sensoryrahlities, something observed in
around 75% of patients with ASD (Klintwall et &0Q11) but not previously recognised
as part of the diagnostic criteria in the DSM (altbh it does form part of the ICD-10

criteria).

The other major change in the conceptualisatiothés collapse of subcategories of
pervasive developmental disorders into the oneishutSpectrum Disorder’, albeit with
a more dimensional emphasis revealed through tbkision of ‘severity levels’ to
indicate the degree of support required. This f@sed concerns about both patients
losing their diagnosis under the new criteria alsg ¢he impact on public understanding
and sense of community particularly for those whevipusly had a diagnosis of
Asperger’s syndrome (Linton et al., 2014; Volkmad &eichow, 2013). However, there
has been some concern as to whether these subds/iesf PDD are in fact separate
disorders, with evidence suggesting Asperger's mymé differs from autism
guantitatively (e.g. in severity of symptoms) rattigan qualitatively (Ozonoff, 2012).
This supports a shift towards the more dimensi@pgroach taken by DSM-5, rather

than the categorical approach employed by DSM-INVh@st all studies assessing the



ICD-10 DSM-IV DSM-5
Childhood Autism Autistic Disorder Autism Spectridisorder
Presence of abnormal or impaireBelays or abnormal functioning in at leassymptoms must be present in the early
Age of onset | development before the age of three yearsane of the following with onset prior to agedevelopmental period (but may not become
at leasoneof: 3 years: fully manifest until social demands exceged
Receptive or expressive language| as Social interaction limited capacities or may be masked |by
used in social communication Language as used in socjdearned strategies in later life)
Development of selective socigl communication
attachments or reciprocal socjal Symbolic or imaginative play
interaction
Functional or symbolic play
A total of six or more from (1), (2) and (3)
Qualitative abnormalities in reciprocal socjdl) Qualitative impairment in socialPersistent deficits in social communication

Social
interaction

interaction manifest in at leashe of:
Failure adequately to use eye-to-€
gaze, facial expression, bo
posture and gesture to reguls
social interaction
Failure to develop (in a mann
appropriate to mental age, a

despite ample opportunities) peer

relationships that involve a mutu

sharing of interests, activities and

emotions

A lack of

or deviant response to other pointing out objects of interest)
people’s emotions, or lack of Lack of social or emotionag
modulation of behaviour according reciprocity

to social context, or a weak

integration of social, emotional and

socio-emotional
reciprocity as shown by an impaired

interaction as manifested by at letgd of:

al appropriate to developmental leve
A lack of spontaneous seeking
share enjoyment, interests,

achievements with other people (e

by a lack of showing, bringing, @

Failure to develop peer relationships

and social interaction across multig

le

interests, emotions or affect;

failure to initiate or respond t
social interactions

Deficits in non-verba
communicative behaviours used

social interaction, ranging, fc
example, from poorly integrate
verbal and nonverba
communication; to abnormalities
eye contact and body language

to

or
g @

=

communicative behaviours

deficits in understanding and use

ye Marked impairment in the use ofontexts, as manifested by the following,

iy multiple nonverbal behaviours sucleurrently or by history

ate as eye-to-eye gaze, facial (1) Deficits in social-emotional
expression, body postures, and reciprocity, ranging, for example,

or gestures to regulate  socjal from abnormal social approach apd

nd interaction failure of normal back-and-fort

conversation; to reduced sharing|of

o

or

l
n

or
of
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Communication

Qualitative abnormalities in communicatign?)

manifest in at leagtvo of:

A delay in, or total lack o

fof :

development of spoken language

that is _not accompanied by an
attempt to compensate through the

use of gesture or mime as alternative

mode of communication (ofte
preceded by a lack ¢
communicative babbling)

Relative failure to initiate or susta
conversational  interchange

whatever level of language skills are
present) in which there is reciprogal

- D

n
at

to and from responsiveness to the

communications of the other persgn

Stereotyped and repetitive use
language or idiosyncratic use
words or phrases

Abnormalities in pitch, stress, rate,

rhythm and intonation of speech

of
of

communication as manifested by at lezst

Qualitative impairments [

Delay in, or total lack of, thg
development of spoken langua
(not accompanied by an attempt
compensate through alternati
modes of communication such
gestures or mime)

In individuals with adequate speec

marked impairment in the ability to

initiate or sustain a conversati
with others

Stereotyped and repetitive use
language or idiosyncratic language
Lack of varied, spontaneous mak
believe play or social imitative pla
appropriate to developmental leve

N gestures; to a total lack of faci
expressions and
communication

difficulties in sharing imaginativé
play or in making friends; t
absence of interest in peers

DN

of

e-
y

> (3) Deficits in developing, maintain and
ge understanding relationships,
to ranging, for example, from
ve difficulties adjusting behaviour tp
as suit various social contexts; to

nonverhal

Restricted,
repetitive and
stereotyped
behaviours

Restricted, repetitive and stereotyp
patterns of behaviour, interests A&

activities, manifest in at leasto of:
- An encompassing preoccupati
with one or more stereotyped a

o]t
nd

restricted patterns of interest that are

abnormal in content or focus, or
one or more

abnormal in their intensity an

circumscribed nature although not

abnormal in their content or focus

in

interests that 4dre

d

€8) Restricted, repetitive and stereotyp
nolatterns of behaviour, interests and activi
as manifested by at leaste of:

Encompassing preoccupation w
one or more stereotyped patterns
interest that is abnormal either
intensity or focus

Apparently inflexible adherence 1
specific, non-functional routines ¢
rituals

i@gerests, or activities, as manifested by
leasttwo of the following, currently or by
thistory:

of -

in

Stereotyped or repetitive mot

(e.g. simple motor
o) lining up toys, or flipping objects
Dr echolalia, idiosyncratic phrases)

Stereotyped and repetitive motor

adherence to routines, or ritualis

eRlestricted, repetitive patterns of behaviqur,

movement, use of objects, or speech
stereotypies,

Insistence on sameness, inflexible

ed
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Apparently compulsive adherence

specific, non-functional, routines or

rituals

Stereotyped and repetitive motor

mannerisms that involve either hand

or finger flapping or twisting of

complex whole body movements
Preoccupations with part-objects
non-functional elements of plg

or
Yy

materials (such as their odour, the
feel of their surface, or the noise jor

vibration that they generate)
Distress over changes in small, ng
functional, details of the
environment

D

n-

mannerisms (e.g. hand or fing
flapping or twisting, or comple
whole-body movements)
Persistent preoccupation with pa
of objects

Its

patterns of verbal or
behaviour (e.g. extreme distress
small changes, difficulties wit
transitions, rigid thinking pattern

nonverbal

=

U7

at

greeting rituals, need to take same

route or eat same food every day)

Highly restricted, fixated interesis
that are abnormal in intensity or

focus (e.g. strong attachment to

preoccupation with unusual objects,

excessively  circumscribed (
perseverative interest)

Hyper- or hypo-reactivity to senso
input or unusual interests in sens(
aspects of the environment (e
apparent indifference t
pain/temperature, adverse respo
to specific sounds or texture
excessive smelling or touching
objects, visual fascination wit
lights or movement

or

Dr

[y
Dry
g.
o)
nse
S,
of

h

Symptoms
impairment in social, occupations or oth
important areas of current functioning

cause clinically significa

er
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Specificity

The clinical picture is not attributablo the
other varieties of pervasive developmerj
disorder; specific developmental disorder

receptive language with secondary so¢

emotional problems; reactive attachm
disorder or disinherited attachment disord
mental
emotional or  behavioural disorde
schizophrenia of unusually early onset &

The disturbance is not better accounted
taly Rett's Disorder or Childhoo
@isintegrative Disorder

io-

ent

er;

retardation with some associated

r
and

Rett’'s syndrome

fohese disturbances are not better expla
dby intellectual disability (intellectug
developmental  disorder) or  glob
developmental delay. Intellectual disabil
and autism spectrum disorder frequently
occur; to make comorbid diagnoses

disability, social communication should
below that expected for genef

developmental level.

Table 1.1. Diagnostic criteria for autism/autisnecpum disorder according to ICD-10, DSM-IV and DSM

13
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ty

co-
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autism spectrum disorder and intellectpal
be
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correspondence between diagnoses received with DSafd DSM-5 report that not all
individuals receiving a diagnosis with DSM-IV wileceive a diagnosis with DSM-5,
though the rates vary between 42% and 93% (VollkandrReichow, 2013). In addition,
there is some discrepancy about who will be thetnadfected, with some studies
reporting that the loss of diagnosis is more prowed in high-functioning individuals,
and others reporting that those who previously &atlagnosis of PDD-NOS would be
more affected (Volkmar and Reichow, 2013). Howewels important to bear in mind
that some of these studies were carried out usiaf driteria, and that some of the
subjects who lost their ASD diagnosis qualified fordiagnosis of the new social
communication disorder, so it is not possible tityfanticipate what the impact of the
new DSM-5 criteria will be until they are in use d¢mar and Reichow, 2013).
Additionally, studies assessing the impact of theMB5 criteria have used DSM-IV
criteria as a ‘gold-standard’ of assessment to @mpgainst, whereas, if this were the

case, no changes to the DSM criteria would have beeessary.

The changing nature of the conceptualisation of ABId the range of possible criteria
that can be met to achieve a diagnosis, highlighés heterogeneous nature of the

disorder and the need for understanding of comnmalelying mechanisms.

Prevalence

A 2012 report by the CDC based on analysis of ffaa 2008 in 14 sites across the
USA found the prevalence of ASDs (autism, PDD-N@3&perger Disorder) to be 1 in
88 children aged 8 years (1 in 54 boys and 1 in 8bB)(CDC, 2012). Other

contemporary studies found broadly similar preved¢erates in the USA (ranging from 1
in 91 to 1 in 135, although one study reportedsrai® high as 1 in 50) (Blumberg et al.,

2013; Boyle et al., 2011; Kogan et al., 2009), @ligh reports in the UK have not been

14



so consistent (ranging from 1 in 88 (Baron-Cohenalet 2009) through 1 in 162

(Yeargin-Allsopp, 2008) to 1 in 263 for boys andn11250 for girls (Taylor et al.,

2013)). A recent review revealed that results frother European countries showed
similar variation in results, although with a siamittendency for more recent studies to
report higher prevalence rates (Elsabbagh et@L2R It was also found that although an
increasing number of studies were being carried ioulapan and China (finding a
median prevalence rate of 1 in 769), prevalencesrat the rest of the world have been
under-investigated, with few or no studies lookatgAfrica, South America, Australasia

or the rest of Asia (Elsabbagh et al., 2012).

The 2012 CDC report was able to compare its finglwgh those from previous years,
finding an increase of 23% compared to 2006 ancherease of 78% compared to 2002
(CDC, 2012). A number of other studies have alponted increased prevalence of ASD
with reports of an 8-fold increase between 1991 a6€1 (Smeeth et al., 2004), an
almost 4-fold increase between 1997 and 2008 (Bellal., 2011), a 2-4 fold increase
between 1990 and 2001 in Scandinavia (Atladottialet2014), and an almost 2-fold
increase between 2007 and 2011-2012 (Blumberg,e2G3). However, there are some
studies which suggest a rising prevalence throhghl®90s which has since levelled off
(Hagberg and Jick, 2010; Taylor et al., 2013) atiebiostudies which find no increase in

prevalence at all (Baird et al.; Chakrabarti anchBonne, 2005).

Several possible explanations have been put footh this apparent increase in
prevalence. A study conducted in the USA found envo@ for ‘diagnostic switching’
whereby part of the apparent increase is due tterbdtagnosis. Whereas previously
individuals might have been classified as havingntale retardation or learning
difficulties they are now more specifically diagedswith ASD. Increase in ASD
diagnoses was accompanied by decrease in the degraf mental retardation and

15



learning difficulties (Croen et al., 2002; Shattu@006). In particular a number of
changes occurred across the 1990s that may hasetexdfdiagnosis rates, changes in
diagnostic criteria from DSM-III to DSM-IV were foud to produce a 1.4-fold increase
in the number of diagnostic cases and that theseals®d an increase in the detection of
true autism cases in the population (Wazana e2@0D7). At the same time there was also
a decrease in age of diagnosis, with a study iffd@aia finding a drop from a mean age
of diagnosis of 6.9 years among children born iB871f 3.3 years among children born
in 1994 (Croen et al., 2002). In a model attemptm@nvestigate the effects of changes
in diagnostic criteria, age of diagnosis and bettetection of true autism cases on
prevalence rates, Wazana et al. (2007) found tieaniost conservative model combining
these factors predicted a 2.4-fold increase in gdezxce per calendar year. This model
assumes independence of all three factors whichhmagag led to an overestimate of the
predicted increase, but at the same time only thaetrs have been modelled which
may have led to an underestimate of the combinéttebf changes in diagnosis on
estimates of prevalence. It has also been fourtdA88® is not the only disorder to have
shown an apparent increase in prevalence overagtie20 years, similar increases have
been seen in hyperkinetic disorder, Tourette’s sym& and obsessive-compulsive
disorder, which the authors argue is evidence flargely non-etiological basis for this
increase, suggesting it may instead be due torhid#atification and diagnosis of ASD

(Atladottir et al., 2014).

It has also been suggested that differences inadetbgy of the studies may have led to
both widely varying estimates of prevalence andlifigs of increasing prevalence.
Fombonne (2009) notes that when there have beetiptaustudies conducted at the
same time point within the same country, studiegcvinse intensive population-based

screening find higher estimates of prevalence thardies that use more passive

16



administrative methods to identify cases. Factahsas geographical location within a
country have also been found to have an effect) tié lowest prevalence rates in the
UK being found in Wales and the highest in the Bdaast of England (Smeeth et al.,
2004). Similarly the 2012 CDC report found prevakenmates to vary across the USA
from 1 in 208 in Alabama to 1 in 47 in Utah (CD®12). Such variation suggests there
may be methodological differences in the data cbte, and both these studies used
information gathered over multiple sites. In the BiKidy, cases were identified through
records from between 34 and 557 GP practises atiteitdSA cases were identified and
assessed at different sites across 14 US statediticgkdlly a positive association
between socioeconomic status (SES) and ASD diagnoge been found in the USA,
which was stronger in cases with a pre-existing Afs@ynosis, although still present in
those without a pre-existing diagnosis (Durkin let 2010). This suggests that although
some of the contribution of SES to ASD prevalerscmdependent of ascertainment bias,
there is still an effect of ascertainment bias, clhin the USA in particular, could be
associated with access to healthcare. The impadjeofQraphical variation in sites
participating in national surveys of this kind adutherefore affect estimates of
prevalence rates, with the CDC report finding tiha inclusion of an additional county
to the North Carolina site in 2008 resulted in &lificrease in overall ASD prevalence
compared to when this county was excluded (dukdwéry large effect of this particular
region it was excluded from comparisons with prasigears, however other sites also
had variations in the geographical areas coveréddem the years examined) (CDC,
2012). The only study to have employed strictlynitieal criteria for identification of
cases in the same geographical area in the UK faondifference in prevalence rates of
pervasive developmental disorders between 1992-28851996-1998 (Chakrabarti and

Fombonne, 2005).
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Gender differences

ASD has been repeatedly found to show a strongetegebias with many studies finding
a ratio of approximately 4 males to every femaléufiberg et al., 2013; Fombonne,
2009; Volkmar et al., 1993), although findings rarigpom a male:female ratio of 1.33:1
to 15.7:1 (Fombonne, 2009). The study finding theyést ratio of 15.7:1 also had a
sample with one of the highest proportions of stiigjgvith normal 1Q (60%) out of those
for which this figure was available (Fombonne, 20@ghich is consistent with the idea
that females with ASD tend to have lower 1Q anas®oparticularly under-represented at
higher 1Q ranges (Kirkovski et al., 2013; Lord ét 4982; Volkmar et al., 1993). 1Q
differences have not always been found (Mandy.eR@all2), although in the light of the
methodological and social factors that may affetdgr specific diagnosis that will be
discussed later, it is interesting to note thas ia more recent study which finds this.
There is some evidence for a genetic basis to [fg@rnent male:female ratios. One study
comparing probands from simplex and multiplex faesil found an approximately
constant ratio of 2:1 across all 1Q groups in npldx families, whereas in simplex
families the ratio varied from 1:2.7 in a below I§Dgroup, to roughly 1:1 for those with

IQ between 50 and 70 and 8.3:1 for those with |& &0 (Banach et al., 2009).

There have been two main approaches to attempiiexlain the gender ratio seen in
autism, one focusing on methodological and diagonassues which may cause a bias
towards an artefactually increased prevalence ilespnand one focusing on underlying
biological and genetic differences which could @adrue prevalence increase in males;
although the two are not mutually incompatible. tBuget al. (2003) argues that in order

to establish that there truly is a sex-differennethe presentation of psychological
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conditions there are a number of methodologicalasswhich must first be addressed.
Sex comparisons should be based on a represergativele from the general population
(Rutter et al., 2003), whereas in autism many stutiave relied on samples from clinical
groups which tend to have a disproportionate regmtasion of males (Kreiser and White,
2013). The data sources used for case identificatiay affect the results (Rutter et al.,
2003) and most studies of ASD have relied on edutat and health records, where
boys might be more likely to be identified due tmare disruptive presentation of their
symptoms (Kreiser and White, 2013). There may hésan expectation bias in clinicians
resulting from the conceptualisation of ASD as aditoon which is much more prevalent
in males, and there is some evidence from populdissed studies to suggest that for
similar levels of social impairment clinicians dess likely to diagnose females with
ASD (Kreiser and White, 2013). Finally, there may & different presentation of the
same condition in males and females; and the d&gnariteria may be more
representative of the manifestation in one genagrarticular (Rutter et al., 2003). This
would lead to under-representation of the less wieliracterised gender, as has been
found in conduct disorder and ADHD (Kreiser and Whi2013). Indeed it has been
found that there are sex differences in scoresu@stpnnaires of autistic traits in the
general population, suggesting items included oaséh questionnaires are more

representative of male behaviour in general (Wiikeet al., 2008).

A number of studies have characterised sex diftmeramong those with an ASD
diagnosis, finding females show better executivection (Bolte et al., 2011), better
communication (Hartley and Sikora, 2009; McLennaale 1993), fewer restricted and
repetitive behaviours (Bolte et al., 2011; Hartkyd Sikora, 2009; Kirkovski et al.,
2013; Lord et al., 1982; Mandy et al., 2012), lowesual spatial performance (Bolte et

al., 2011), more social problems, particularly ddlascence and older ages (Carter et al.,
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2007; Holtmann et al., 2007; McLennan et al., 1998pre severe impairments in
developing friendships (Kirkovski et al., 2013), monternalising symptoms (Solomon
et al., 2012) including higher levels of anxietydatepression (Hartley and Sikora, 2009;
Werling and Geschwind, 2013), higher avoidance emands (Kopp and Gillberg,
2011), and generally poorer outcomes in adulthétmin et al., 2004); whereas males
were found to have more externalising behavioursh sas hyperactivity/inattention,
aggressive behaviour and reduced prosocial behagitandy et al., 2012; Werling and
Geschwind, 2013). This pattern of presentationtiqdarly the tendency towards more
passive and internalising symptoms in females @ao®gd to the externalising behaviours
shown by males, suggests cases in males may bgnised more often, or earlier, due to
the more disruptive nature of their symptoms (Keesnd White, 2013) and could mean
only the more extreme female cases are detectadintg to artificially inflated findings

of more severe symptomatology in females.

Gender specific socialisation could also have gparhon rates of diagnosis in females.
Parents are known to treat boys and girls difféyerind a more intimate relationship
between mothers and daughters may help to imprioeie language and empathising
abilities (Kreiser and White, 2013) which may hétegm to mask their social deficits
(Dworzynski et al.,, 2012; Goldman, 2013). In additi expectations of gender-
appropriate behaviour may influence the interpratadf symptoms in girls, with social
deficits being interpreted as ‘shyness’ (Goldmafl® Kreiser and White, 2013).
Similarly, a parental expectation for females towhmore social behaviour might be
responsible for reports of more severe social gmoBl in females (Holtmann et al.,

2007).

Although there are likely methodological issues dmgnosis leading to under-
representation of the true rate of ASD in femategre may still exist biological or
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genetic differences between genders, especiallyengithe different patterns of
symptomatology that have been identified. Suchradgebias initially led researchers to
look for an X-chromosome linked genetic explanatidttihough a few ASD candidate
genes have been identified on the X-chromosoméu@inggy FMRP, MECP2, NLGN3
and NLGN4X), these are not sufficient to explaie tmajority of cases and genetic
inheritance of ASD does not follow the typical XKed pattern (Werling and
Geschwind, 2013). Alternative genetic explanatisnggest that females have a higher
threshold for reaching affectation status, thatititakes more mutations before they
display the ASD phenotype. This model predicts #smfemale probands are carrying a
higher genetic load, the relatives of female pralsashould be more at risk than the
relatives of male probands, but findings relatimmy this are mixed (Werling and

Geschwind, 2013).

Other biological explanations have focused on B&ohen's (Baron-Cohen, 2003)
influential ‘extreme male brain’ theory, which whke discussed in more detail later, but
essentially suggests that autism is an extremeptaison of the normal male phenotype.
This has been extensively linked with the idea #saprenatal testosterone is important in
determining development of the foetus as a malghdrilevels of prenatal testosterone
may also be important in the development of aatistits and ASD itself. As it is often
difficult and intrusive to obtain measurements ofnatal testosterone, the ratio of the
second finger to the fourth finger (2D:4D) has ofteeen used as a proxy as it has been
shown to relate to prenatal testosterone levelsefGa al., 2012). Lower 2D:4D ratios
have been found in ASD and first degree relatiges, in typically developing children it
has been found to relate to autism traits suchiegiéncy of eye contact and quality of
social relationships (Geier et al., 2012). Testoste has been found to decrease, and

oestrogen increase, expression of a candidate A&fE,gRORA, which acts as a
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regulator of aromatase, an enzyme involved in cdimg testosterone to oestrogen
(Sarachana et al., 2011). Analysis of post-morissué also found levels of aromatase to
be reduced in the frontal cortex of subjects withDA(Sarachana et al., 2011). Findings
from gaggerermice which have only one functional copy of theR¥0gene, showed a

gender dependent effect of the mutation on Purldajeloss (one of the most consistent
neuropathological observations in ASD) where maleenshowed an earlier onset of

Purkinje cell loss (Doulazmi et al., 1999).

Genetics

ASD is generally considered to have a strong gertssis with heritability estimates
ranging from 70-90% (Bailey et al., 1995; Freita§06; Geschwind, 2011), although
some recent studies have suggested lower estinfidedbnayer et al., 2011; Skuse,
2007). Investigation of the three components of AS@xial impairment, communication
impairment and restricted and repetitive behaviptesealed that all three components
were individually highly heritable but showed lowvariation, suggesting these features

are inherited independently of one another (Rorghl., 2006).

Approximately 10% of ASD cases are syndromic, thalue to a monogenetic syndrome
that has phenotypic overlap with ASD. In contraisé genetic basis of idiopathic ASD
has so far remained elusive with the question aétivr it is more likely to be the result
of common genetic variants in the population oreratleles still hotly debated (El-
Fishawy and State, 2010). As of March 2014, the SlgAne website
(https://gene.sfari.org), an online database ofegemplicated in ASD susceptibility,
listed 604 genes in which mutations had been regpB8652 of which were rare variants

and 878 of which were common variants.
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Syndromic ASD

Fragile X syndrome (FXS) is caused by an expansfanCGG repeat (>200 repeats) in
the 5 untranslated region of the FMRI gene on Mechromosome (Bagni and
Greenough, 2005). FXS is responsible for 2-6% btades of ASD, with 30% of males
with FXS reaching criteria for autism and an addiél 30% having pervasive
developmental disorder — not otherwise specifiedg@gtman et al., 2010). Higher rates
of ASD are also seen in carriers of the premutafimiween 50 and 200 repeats) with

estimates ranging from 14-19% for males and 1-5%mfles (Hagerman et al., 2010).

Fragile X mental retardation protein (FMRP) whisheincoded by the FMRI gene is a
RNA-binding protein involved in many aspects of mRhetabolism and has roles in
regulation of the mTOR pathway, cytoskeleton strrest and function, synaptic
formation, transmission and plasticity (Bagni anceé&hough, 2005; Hagerman et al.,
2010). In the absence of FMRP long, thin and immeatiendritic spines are observed,
which may reflect an abnormal pruning process (Bagd Greenough, 2005), as well as
migration problems of neurons in the hippocampud eerebellum similar to those

observed in ASD (Hagerman et al., 2010).

Tuberous sclerosis complex (TSC) is an autosomalimknt disorder resulting from
mutations in either TSC1 or TSC2. TSC has a widggeaof symptoms including
epilepsy, mental retardation, dermatological matétons and cortical tubers (Crino et
al., 2006). Reports indicate ASD occurs in appratety 25% of those with TSC

(Gutierrez et al., 1998).

TSC1 and TSC2 are tumour suppressor genes, theigisodf which form a complex
which works to regulate the mTOR pathway, imporiantegulation of cell growth and

proliferation (Crino et al., 2006). Recent worknmce has linked lack of TSC1 function
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in cerebellar purkinje cells to social impairmengstrictive behaviour and abnormal
vocalisations indicating impairment in the threeéecdomains seen in ASD (Tsai et al.,

2012).

Chromosomal abnormalities

Autism has been associated with a high occurredfcehoomosome abnormalities
(Marshall et al., 2008) including translocationsyarsions and copy number variants
(CNVs). CNVs are segments of DNA, ranging in sirenf 50 base pairs to several
megabases, which vary between individuals in theanber of copies present, due to
deletion, duplication or insertion; and have beemggested to occur at increased
frequency in autism as compared to controls (6-18%1-3%) (Persico and Napolioni,
2013). However, it has increasing become appaheantthe location of the CNV may be
more important than the overall CNV burden (Persawwl Napolioni, 2013), with

network analyses of genes affected by rare CNWirfgn these loci to be involved in

synapse development, axon targeting and neuronditm@@ilman et al., 2011).

De Novo

Recent work investigating the contribution of CN¥sASD has increasingly focussed
on the role of de novo CNVs, that is mutations tiete not been inherited from either
parent (Murdoch and State, 2013). De novo CNVs Haeen found to be particularly
overrepresented in simplex families (i.e. thosénwitly one affected child) as compared
to multiplex families (i.e. those with more than eoraffected individual), with

duplications at 7q11.23 (deletions of this regiskmown to cause Williams Syndrome),
and both duplications and deletions at16pl1.2 eimgrgs particularly associated with

ASD (Sanders et al., 2011).
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In addition to looking for large scale changes loa drder of CNVs, the advent of whole
genome sequencing and whole exome sequencing (WasS)llowed de novo mutations
to be investigated at the level of point mutatidngial WES studies identified a number
of de novo mutations; the majority of which incre@sisk, but only by a small amount,
and not significantly to be able to be said to &lASD. Many of the genes identified in
these studies were found to be involved in a smathber of gene networks, such as
those involved in synaptic plasticity anecatenin/chromatin remodelling (Murdoch and

State, 2013; Persico and Napolioni, 2013).

Common Variants

While the approaches described above have focussédkentifying genes or regions of
the chromosome that show mutations in ASD, andapproach is to focus on the role of
common variants. Common variants are alleles whigst in the population at relatively
high frequencies (>1%) and contribute to risk foe tdisorder or condition (Becker,
2004). Genome-wide association studies, which ktdkow frequently particular single-
nucleotide polymorphisms (SNPs) occur in the padputaof interest compared to
controls, are the most commonly used method fontifegng common variants. While
many different common variants associated withsauthave been identified, the extent
to which these findings have been replicated varigth some of the most consistently
replicated genes including SLC6A4 (a serotonin dpamter), GABRB3 (a GABA
receptor), ITGB3 and OXTR (involved in cell sigmat]), CNTNAP2 (a protein found at
the synapse) and EN2, MET and RELN (all of whioh iavolved in development of the

central nervous system) (Persico and Napolioni3201
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Common pathways

As is becoming apparent, a large number and vadaketenes have been implicated in
ASD. Recent attempts to identify unifying concelpése focussed on possible pathways
that may be disrupted by genetic mutations at abmuraf levels. An analysis of regional
patterns of gene expression identified two moduegenes that were differentially
expressed in ASD compared to controls, downreguiadf a module related to synaptic
function and upregulation of a module involved mmune response (Voineagu et al.,
2011). This has led to suggestions that two patkvaag involved in ASD; one involving
cellular and synaptic growth (associated with djatation of the mTOR pathway and
mutations in TSC1/2 and FMR1) and one involvingrahalance between excitation and

inhibition (associated with mutations in NLGN, SHEKMind NRXN)(Bourgeron, 2009).

Two recent studies have looked at huge numbersaofiidate genes in the context of
early cortical development to identify modules ehgs that may be affected in autism.
From analysis of expression of over 15,000 genas f8 weeks after conception to 1
year of age, Parikshak et al. (2013) identified olesl of genes whose expression was
synchronised. Several of these modules were foanbetenriched in ASD candidate
genes, particularly modules involved in early tamdional regulation and synaptic
development. Several of these modules were foure tcegulated by FMRP, which has
also been implicated in ASD through its link to gita X Syndrome. Analysis of the
localisation of these genes revealed that therenrichment of these ASD genes in
glutamatergic neurons in upper cortical layers. theo study by Willsey et al. (2013)
also looked at networks of genes associated wittwknASD candidate genes during
foetal development. This study focused on nine gew&h strong evidence for

association with ASD, and then identified netwook®ther genes that were expressed at
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similar times and locations in the brain. Netwotkat included disproportionately high
numbers of other genes that have been implicatedSD (other than the nine they
started with) were found to be expressed 10-24 svexdter conception and contained
genes relating to layer 5/6 glutamatergic neuréihough relatively few studies have
been conducted so far attempting to relate ASD idaitel genes into networks such as
these, already these studies are beginning to shewcredible amount of convergence
between pathways involving ASD candidate geneseddd these two recent studies
alone independently implicate glutamatergic neurams ASD, and highlight the
importance of considering the developmental timere® of changes that might be going

on in ASD.

Further evidence for the importance of taking depelental stage into consideration
comes from a study by Chow et al. (2012). This &mblat gene expression patterns in
regions of prefrontal cortex. In cases aged beldwdars affected genes were found to
be those involved in determining cell number, adtipatterning and differentiation,

whereas in adults the genes affected were thoséver in signalling and repair.

Another unifying concept that has begun to ememgethe possibility of reduced
differentiation between different regions of theibrin ASD. Voineagu et al. (2011)
found attenuation of the regional difference in geexpression between frontal and
temporal cortex in ASD. Similarly, a study lookireg expression of genes in the
prefrontal cortex and cerebellum found a smallember of genes differentially
expressed between the regions in ASD than in clsn(@22 vs. 2,000) (Ziats and
Rennert, 2013). This is consistent with the suggestased on imaging studies, that
there is less specialisation of regions of therbomiASD (Minshew and Keller, 2010).

However, a similar attenuation between gene exjmess occipital cortex and in
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cerebellum was not found (Ginsberg et al., 2018)gsesting such attenuation may be

specific to certain regions of the brain.

Given the genetic heterogeneity evident in ASD Hralincreasing emphasis on many
genes affecting common pathways, it may be prdétab look instead at the structural
and functional differences these may give riselioparticular the suggestions of less

heterogeneity between brain regions may also eaviat the microstructural level.

Volumetric findings

One of the most consistent volumetric findings iI8Ahas been of increased brain size
(Stanfield et al., 2008). Kanner (1943) noted inse®l head size in five of the eleven
children described in his original report. Howevare recent studies of data across the
age range have suggested this may not reflect aoldb difference so much as an
altered developmental trajectory (Courchesne et2@ll1a). A meta-analysis of brain
volume data in ASD revealed brain sizes tend terealler than controls at birth, but
begin to increase shortly afterwards resultingairgér brains in ASD during childhood
(Redcay and Courchesne, 2005). The rate of growtASD seems to slow during
childhood, allowing controls to catch up, resultindittle difference in brain volume by
adolescence (Redcay and Courchesne, 2005). Anabysibie distribution of these
volumetric increases suggest that they are notleagr@ss the brain, but are more
pronounced in frontal regions (Carper et al., 208&tbert et al., 2004), with Herbert et
al. (2004) noting that it is the later myelinatiageas that show the largest increases

compared to controls.

More localised volumetric differences have alsorbesported in ASD, though this have
been much more mixed that those found for ovenainbvolume. Some of the more

consistent findings have been of reduced volumthefcorpus callosum and increased
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volume of the caudate and amygdala (Brambilla gt 28)03; Stanfield et al., 2008).

These findings will be discussed in greater déaadr (Chapter 2).

A number of studies have reported localised difiees in the cortex in ASD, with
altered cortical thickness found in a range of aigaluding frontal regions (Casanova et
al., 2013; Chung et al., 2005; Ecker et al., 20H4djikhani et al., 2006; Hyde et al.,
2010; Jiao et al., 2010; Raznahan et al., 201din&la et al., 2014), parahippocampal
gyrus and fusiform (Ecker et al., 2010; Raznahaal.e2010), temporal regions (Chung
et al., 2005; Hadjikhani et al., 2006; Hardan et 2006; Hyde et al., 2010), and inferior
parietal lobe (Ecker et al., 2010; Hadjikhani et 2006; Hyde et al., 2010; Raznahan et
al., 2010; Zielinski et al., 2014), although di#faeces have not been found in all studies
(Casanova et al., 2009). In addition, the directbthese findings have been mixed with
some studies finding increases in cortical thickn@scker et al., 2010; Hardan et al.,
2006) and others decreases (Casanova et al., 20Byg et al., 2005; Ecker et al., 2010;
Hadjikhani et al., 2006; Jiao et al., 2010; Schetehl., 2011). Although findings of
increases in cortical width would be consistenthwindings of reduced minicolumnar
width (Harasty et al., 2003), as has been repadrnedlSD (Buxhoeveden et al., 2006;
Casanova et al., 2006a; Casanova et al., 2002fanGaa et al., 2002c; Casanova et al.,
2006b), typically those studies which have reporteteases in cortical width have not
measured surface area, decreases in which typieallpmpany increases in cortical
thickness (Harasty et al., 2003). In fact the astlydies to do so have reported either no
difference in surface area (Ecker et al., 2010) decreased cortical thickness

accompanied by decreased surface area (Ecker 20a4).

Three recent studies have again highlighted theortapce of taking age into account,
finding that the direction of difference in corti¢hickness is age dependent (Ecker et al.,
2014; Raznahan et al., 2010; Zielinski et al., 30Mthough the studies by Ecker et al.
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(2014) and Zielinski et al. (2014) identify a groogp age interaction in cortical thickness
in some of the same areas (postcentral gyrus talbteind rostral middle frontal gyrus);
this interaction goes in different directions inclkeastudy (but is consistent within a
study). Ecker et al. (2014) found several regiohseduced cortical thickness in ASD,
but of those, the regions which showed a signiticateraction with age showed reduced
cortical thickness in childhood and increased cattthickness in adulthood, which is
consistent with the findings of Raznahan et al1(®0In contrast, Zielinski et al. (2014)
found significant group by age effects wherebykaiccortex was seen in childhood and
thinner cortex in adulthood (with the trajectoreessing at around 15 years of age). The
different findings of these two studies are hardr@éooncile given the very different
relationships they find, in several cases in thaesaegions, while both include subjects
across the age at which they expect the trajestafieortical thickness change to cross.
The study by Zielinski et al. (2014) does includibjscts over a wider age range (3-39
years vs. 7-25 years) which may account for thd that all regions showing a
significant relationship between age and cortichickness showed a quadratic
relationship, rather than the mix of quadratic &ndar relationships seen by Ecker et al.
(2014). In addition, both use similar imaging paesens and data analysis methods (i.e.
use of Freesurfer to derive cortical surface mgdalswever Zielinski et al. (2014) use
both right and left handed participants, and ineldd ASD subjects with IQ scores
below 70, whereas Ecker et al. (2014) restrictesir ttample to high functioning (1Q
greater than 70) right-handed individuals; suggesthat perhaps the effect of these
factors on cortical thickness may merit further d@stigation. This developmental
framework may also help to clarify some of the jppas discrepant findings, as the three
studies looking just at adults report decreasedicabrthickness (Chung et al., 2005;

Hadjikhani et al., 2006; Scheel et al., 2011), emtheir study of children between 8 and
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12 years, Hardan et al. (2006) reported increaseital thickness (although in a study
of 6 to 15 year olds Jiao et al. (2010) reportedresed cortical thickness). In a 30
month follow up of their original study Hardan ét@009a) no longer found differences
in cortical thickness, but demonstrated an acceldraate of cortical thinning in ASD
subjects compared to controls. This suggests titéital thickness may follow a similar
developmental trajectory to that seen in total rbonablume, where there is an initial
increase in ASD, followed by a period of declinelsdhat cortical thickness becomes

thinner in ASD in adults.

In addition to gross volumetric differences, moubtie differences in geometric features
have been reported. For example there have beemtsepf increased sulcal depth in
ASD in the intraparietal sulcus and regions of sheerior frontal cortex (Ecker et al.,
2010); alterations in degree of cortical foldingtive inferior parietal lobe, post-central
gyrus and orbitofrontal regions (Ecker et al., 20ldhanges in cortical shape in the
sylvian fissure, superior temporal sulcus, intragial sulcus, inferior frontal gyrus

(Amaral et al., 2008) and pars opercularis (Noraalfal., 2007); and shifting of a number
of sulci (Levitt et al., 2003). Nordahl et al. (Z2Q0eported more prominent differences in
intraparietal sulcal depth, and shape of the ppesaularis in younger (7.5-12.5 years),
compared to older (12.5-18 years), children withDASThis again suggests early
abnormalities which ‘normalise’ with age, althougivould have been interesting for the
authors to investigate whether this was due tolaated development of the ASD group
along the normal trajectory with the typically degeng children catching up later; or
whether it was due to abnormal development in tAyroup which then altered to
rejoin the normal trajectory. These subtle geornethianges are of interest, not only
because they could act as confounding factors doatplg identification of ROIs in

ASD and the quality of registration between ASD ammhtrol MRI scans, but also
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because it has been suggested that such alteratigeemetry and cortical folding could

arise from abnormal connectivity between areas (&ssen et al., 2006).

Structural Connectivity

Volume, or cross-sectional area, of the corpussath has been used as an indicator of
the degree of inter-hemispheric connectivity (Janek al., 1999; Jancke et al., 1997),
with reductions in callosal area being found in A@®ger-Megiddo et al., 2006; Egaas
et al., 1995; Frazier et al., 2012; Frazier andddar 2009; Freitag et al., 2009; Hardan et
al., 2000; Hardan et al., 2009b; Keary et al., 209en et al., 1997; Vidal et al., 2006).
Although studies disagree as to where the differerare located with some studies
reporting that changes are restricted to, or meoaqunced in, more anterior (Frazier
and Hardan, 2009; Hardan et al., 2000), or posteggions of the corpus callosum
(Egaas et al., 1995; Freitag et al., 2009). Sevettadies have linked smaller corpus
callosums to more severe the ASD symptomatologygéBdlegiddo et al., 2006;
Hardan et al., 2009b; Prigge et al., 2013) and acedyerformance on cognitive tasks
(Keary et al., 2009; Prigge et al., 2013). In fasyeral recent studies have suggested
increased rates of ASD traits in callosal ageng@sisondition where the corpus callosum

fails to develop) (Badaruddin et al., 2007; Laalet2013; Paul et al., 2014).

One technique that can be used to investigate tsspeconnectivity in-vivo is diffusion
tensor imaging (DTI). DTl is a form of magnetic eaance imaging (MRI) that allows
detection of structure by looking at the diffusiminwater. In the absence of any structure
(e.g. cell membranes), the diffusion is unrestdaed so equally likely in all directions.
This is known as isotropic diffusion. In the presemf coherent structure, such as axonal
membranes, diffusion will be restricted and angoit, that is directional. By following

the direction of the diffusion, white matter tractisthe brain can be reconstructed, and
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parameters such as fractional anisotropy (FA) ardnrdiffusivity (MD) can be used to
probe the microstructural organisation of thesetstaAlthough diffusion in the grey
matter is not isotropic, it shows much lower amgpy than the white matter, and
consequentially most studies to date have focusedising DTI to investigate white

matter tracts in ASD.

The majority of DTI studies have reported reduc@dif- ASD either at the whole brain
level (Shukla et al., 2010) (although several theave found no difference in mean
white matter FA (Ameis et al., 2011; Groen et 2011; Jou et al., 2011a)), in specific
white matter regions (Barnea-Goraly et al., 200Aehg et al., 2009; Ke et al., 2009;
Lee et al., 2007; Noriuchi et al., 2010; Thakkarlkt 2008) or associated with specific
white matter tracts (Alexander et al., 2007; BarGemaly et al., 2010; Brito et al., 2009;
Cheon et al., 2011; Conturo et al., 2008; Jeora).eR011; Jou et al., 2011a; Jou et al.,
2011b; Keller et al., 2007; Kumar et al., 2010; ¢en et al.,, 2012; Lo et al., 2011;
Pardini et al., 2009; Poustka et al., 2012; Sahyetual., 2010a; Sahyoun et al., 2010b;

Shukla et al., 2010; Shukla et al., 2011a).

Although the majority of studies investigate chanmge FA, differences have also been
found in a number of other measures. Difference® lheen reported in the shape of the
uncinate fasciculus (Kumar et al., 2010) and imtab lobe tracts, with higher curvature

being found in ASD (Jeong et al., 2011). In additidifferences in the ‘skewness’ of the

diffusion tensor (which reflects how prolate oratelit is) in the superior temporal gyrus
and temporal stem were able to discriminate subjegith ASD from typically

developing controls (Lange et al., 2010).

Several studies have attempted to specifically egtdithe issue of whether there is

underconnectivity at the global level but overcartivity at the local level. One study
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separated out long-distance white matter tracts faort-distance white matter tracts
(those less than 35mm long) and found reduced FAofidy the long-distance tracts,
suggesting altered microstructure of just thoseefil{Shukla et al., 2011b). However, an
earlier study focusing just on the frontal loberfdueduced FA in short-range fibres and
no difference in FA in long-range fibres. Althougrey found the ASD participants
showed a different distribution of fibre lengthsngmared to typically developing
controls, there was no evidence for a greater amalushort-range connectivity in ASD
(Sundaram et al., 2008). There may be several ldesseasons for this difference in
findings, one of which may be due methodologic#edences. The studies differ on both
the slice thickness used, which influences the sizestructures that can be reliably
detected, and on the b-value used, which can infei¢he ability of DTI to detect some
features (for example the ability to distinguishtvieen kissing and crossing fibres)
(Travers et al., 2012). However, another differebheaveen these two studies is in the
age of the participants. In the study by Sundararal.e(2008) the mean age of the
participants was 4.8 years, whereas in the studyHhukla et al. (2011b) the mean age of

participants was 12.6 years (range 9-18 years).

A number of other studies have demonstrated amedlteslationship between age and
DTl measures in ASD compared to typically develgpaontrols. Positive correlations
between FA and age seen in controls have been ftaubd absent or much weaker in
ASD (Alexander et al., 2007; Cheng et al., 201G k¢ al., 2007; Shukla et al., 2011a;
Shukla et al., 2011b), although one study has shopaositive correlation in ASD in the
right posterior limb of the external capsule wher@anegative correlation is seen in

controls (Keller et al., 2007).

This general lack of correlation between age andrfeReases in ASD is consistent with
the idea of earlier development in ASD followed dy arrest of growth during the time
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development would usually be occurring. This i®aensistent with the findings from a
few studies that, unlike the studies described aothat have predominantly been
conducted in older children, adolescents or adhlse been conducted in very young
children, typically under the age of 6 years. Foareple, a study by Ben Bashat et al.
(2007) found that children with ASD between the sagé¢ 1.8-3.3 years showed a
significant increase in the proportion of pixelsvitnite matter which showed ‘mature’
FA values. They also found higher FA in childrentrwiASD in five white matter
pathways, mainly in the left hemisphere but alsthencorpus callosum, and significantly
lower FA in only the left cortico-spinal tract. Albugh this study has been criticised for
its use of a high b-value, which is thought to eeflintracellular diffusion properties
rather than the extracellular diffusion revealedcoyventional DTI imaging (Groen et
al., 2011), the finding of increased FA at very ygwages has also been found in other
studies using standard b-values (Weinstein ek@ll,l; Wolff et al., 2012). Wolff et al.
(2012) tracked changes in FA in infants at higlk-f ASD over the first two years of
life, scanning them at 6,12 and 24 months, with A$&lus assessed at 24 months using
the ADOS. They found higher FA in several regidnsluding the corpus callosum, at 6
months in the ASD-positive group, although by 24nths it was the ASD-negative
group that showed higher FA in two regions. Thisvet the importance of interpreting
these findings in a developmental context and shibwvas the patterns present at very
early stages of development may be different teehabserved later. It should be noted,
however, that several other studies have noted soeees of increased FA in ASD in
older, but pre-adolescent children (Brito et adQ®2; Cheung et al., 2009; Ke et al., 2009;
Sahyoun et al., 2010a; Sivaswamy et al.,, 2010)h vahe study finding this in
adolescence (Cheng et al., 2010); although theskestalso found areas of reduced FA,

and in most cases more regions were found withcoeitFA than increased FA. In
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addition, the study by Wolff et al. (2012) founatieased FA only at 6 months, whereas
the other two studies finding increased FA lookédhaldren aged between 1.5 and 6
years (Ben Bashat et al., 2007; Weinstein et @112 However, by only following up
ASD status at 24 months Wolff et al. (2012) mayehavssed some children who later
go on to develop ASD, and by looking at only cheldrwho were at high risk for
developing ASD they may have been detecting smdiftsrences than would have been
seen if they had been compared to a low risk grevpmence for the latter possibility is
provided by a study by Barnea-Goraly et al. (20&0ich found similar changes in white
matter pathways in children with autism and theiaftected siblings when compared to
typically developing controls. Therefore, the deypehental time course of these
diffusion-based measures in ASD compared to typleaklopment, particularly at very

early ages, remains an important area of investigat

Functional Connectivity

Functional connectivity has been defined as ‘theeoled temporal correlations between
spatially remote neurophysiological events’ (Fmstt al., 1993). Therefore, functional
connectivity analysis looks for co-activations affetent regions of the brain, either
during a task to identify abnormal functional coctingty between regions involved in
task performance, or during a resting-state scdwerevthe participant is not required to
do anything except lie still in the scanner (altfjouhis is sometimes operationalised as

the rest periods between blocks of tasks).

Reduced functional connectivity in ASD has beerorggal in studies looking at sentence
comprehension (Just et al., 2004; Kana et al., Rd@6e processing (Kleinhans et al.,
2008; Welchew et al., 2005), attribution of merdtdtes to animated shapes (Castelli et

al., 2002), inhibitory control (Agam et al., 20lKana et al., 2007; Perez Velazquez et
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al., 2009), working memory (Koshino et al., 20059sKino et al., 2008), visuomotor
(Villalobos et al., 2005) and motor tasks (Mostgfgt al., 2009), as well as in response

to auditory stimuli in an MEG study (Wilson et &Q07).

There are two main approaches that can be takeanfdysis of resting state data, an ROI
driven approach, looking at functional connectiitgtween one, or a few, areas of the
brain, and the rest of the brain; or a more hypathiree whole brain approach, looking
at all patterns of functional connectivity acrass tvhole brain. Although the majority of
studies report underconnectivity in ASD, such mdtiogical differences may go some
way to explaining the number and variety of conio&st which have been reported to
show underconnectivity. For example reduced funeticonnectivity has been reported
in the ‘social’ network (Gotts et al., 2012; vomdeélagen et al., 2013), the ‘task negative
network’ (which is associated with social and emadil processes) (Kennedy and
Courchesne, 2008), the dorsal attention networkelMuet al., 2013), the default mode
network and its sub-networks (Assaf et al., 2010gNer et al., 2013; Washington et al.,
2013; Weng et al., 2010), relating to the insuldig¢Eh et al., 2011), voice-selective
regions of cortex (Abrams et al., 2013), anteriod gosterior regions of the brain
(Cherkassky et al., 2006) and between hemisphémedefson et al., 2011), particularly
regions associated with language processing (Dm&teal., 2011). In addition, there
have been attempts to link levels of functionalraxtivity between specific regions with
different aspects of the ASD phenotype, althougs tias yielded relationships with a
number of different functional connections for easipect of the phenotype, for example
higher scores on the ADOS and ADI social sub-scalese have been related to lower
functional connectivity between the precuneus awdtél cortex (Assaf et al.,, 2010),
reduced connectivity between the posterior cinguartex and right parahippocampal

gyrus (Monk et al., 2009), superior frontal gyrtesnporal lobes and parahippocampal
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gyri (Weng et al., 2010) and connectivity in thghti posterior parahippocampal gyrus,

left temporal pole and left lingual gyrus (Lynchagt 2013).

This preponderance of findings of functional undercectivity has largely been viewed
as support for an underconnectivity theory of ASIDs{ et al., 2004), which will be
discussed in more detail later, but briefly suggds®D results from underconnectivity at
the global level while there is overconnectivitythé local level, i.e. too few or weak
connectionsetweernregions of the brain but too many or too strongnationswithin
regions of the brain. One study has found exadilg pattern in the default mode
network (Washington et al., 2013) but another stiodking explicitly at how the level
of functional connectivity varied with distance Wween the regions found no relationship
(Supekar et al., 2013). However, Supekar et all3p@lso looked at the amplitude of the
low frequency fluctuations (ALFFs) within corticaégions across the whole brain.
ALFFs provide a measure of the regional changesgnal level and were found to be
higher in ASD which the authors argue is consisteitlh a more subtle pattern of an

altered ratio of excitation to inhibition (Supelral., 2013).

Although there are a growing number of studies Wwheport normal levels of functional
connectivity (Tyszka et al., 2013) or widespreadrélased functional connectivity (Di
Martino et al., 2011; Lynch et al., 2013; Supekiale 2013; Uddin et al., 2013a) in
ASD, there are a couple of methodological factbet heed to be taken into account.
Firstly, a number of these studies have been cdadua high-functioning individuals
who may not be representative of ASD individualsiaghole. Secondly, as Mller et al.
(2011) noted in their recent review of functionalnoectivity findings in ASD, those
studies that were consistent with the undercorwigctheory of ASD used an ROI based
approach, whereas the majority (7 out of 11) ofdietsl that did not find reduced
connectivity employed a whole-brain approach. Mstrngent corrections for multiple
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comparisons must be employed in a whole brain a@gbrowhich may account for
reduced detection of underconnectivity that is omigsent in some areas of the ASD
brain. However, many of these studies found in@@danctional connectivity in ASD,
which would not be expected if higher correctiorctéas were responsible for the

different results found by these different appraescgMuller et al., 2011).

Perhaps the most interesting aspect of the diverfyedings is that, as Uddin et al.
(2013b) note, there is a developmental aspect wohsidered, with most of the studies
reporting underconnectivity having been conducteddult or adolescent samples. Given
the developmental nature of autism this is an ifgmrpoint. Of the studies discussed
here six were conducted in children aged 13 orvinefour of these (Di Martino et al.,
2011; Lynch et al., 2013; Supekar et al.,, 2013; ibddt al.,, 2013a) reported
overconnectivity in ASD. Of the two that did nondi overconnectivity, one looked only
at connectivity between voice-selective areas otezoand other areas of the brain
(Abrams et al.,, 2013) and so is limited in whatc@&n say about over- or under-
connectivity in other regions. The other study ledkn children between 1 and 3.5 years
of age and looked at interhemispheric synchromea{Dinstein et al., 2011), which
could show a different pattern of functional corthety to that shown between different
regions across the brain. In addition, this is aclmyounger age group than those
included in studies that show overconnectivity, andnay reflect another developmental

time point and different pattern of levels of coctmnaty.

It would seem therefore, as noted by Uddin et 2018b), a pattern is emerging of
overconnectivity in ASD at young (pre-pubertal) sgbat contrasts with the largely
consistent findings of underconnectivity at posbgmial ages. Indeed several other
studies have highlighted the effect of age, findiogh that there is a greater decrease in
interhemispheric connectivity with age in typicathgveloping controls than is seen in
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ASD (Anderson et al., 2011) and that participantish wASD show more similar
functional connectivity in the default mode netwdokyounger (6-9 year old) than older

(10-17 year old) typically developing controls (Wamsgton et al., 2013).

Neuropathological findings

Due to the scarcity of suitable post-mortem tisshere is much less data available on
neuropathological changes in ASD than MRI diffeesicHowever, just as much

variation in the findings can be seen.

One of the most consistent neuropathological figslins of decreased numbers of
Purkinje cells in the cerebellum (Kemper and Baun2292; Palmen et al., 2004; Ritvo
et al., 1986; Skefos et al., 2014), although tlais hot been found in all studies (Bauman
and Kemper, 1996; Fatemi et al., 2002). Reductionsell density have also been
reported in both cortical (van Kooten et al., 20@8)d subcortical (Schumann and
Amaral, 2006) areas, although a number of studiege halso found no difference
(Coleman et al., 1985; Jacot-Descombes et al., ;20b2gan et al., 2012; Mukaetova-
Ladinska et al., 2004; Oblak et al., 2011b; Samtoal., 2011; Zikopoulos and Barbas,

2010) or increased cell densities (Courchesne ,2@l1b; Kemper and Bauman, 2002).

In addition to differences in cell densities, a @mof studies have reported alterations
in cell size (Casanova et al., 2013; Kemper andnizany 2002; Raymond et al., 1995;
van Kooten et al., 2008), even in the absence Ibfdeasity differences (Fatemi et al.,
2002; Jacot-Descombes et al., 2012). These findiage important implications for the
expected pattern of connectivity as the length oéléis axon is proportional to the size
of the cell body and so smaller neurons in ASD wdibls the pattern of corticocortical
connectivity towards shorter connections (Casanewal., 2013). Interestingly, the

differences in cell size seem to be age relatedotddescombes et al. (2012) found
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smaller neurons in patients with ASD in BA44 and45A This difference was most
pronounced at young ages. Controls showed a negethationship between age and
pyramidal neuron volume, which was absent in p&iemith ASD, resulting in no
difference in pyramidal neuron volume being seetwben groups in adulthood. This
finding is consistent with the idea of an earlysbtawards the establishment of more
local connections at the expense of long-distamreections (Courchesne and Pierce,
2005b). However, it seems that the direction ofngeain cell size with age may be
region specific. Larger neurons have been observédth the nucleus of the diagonal
band of Broca and the inferior olive of patientshaASD aged under 12 years, whereas
ASD patients over 18 years have smaller neurorthese areas compared to controls
(Kemper and Bauman, 1998; Kemper and Bauman, 208Rhough this clearly
demonstrates the importance of studying cases &wwss the life-span, data from young
cases is lacking, with the average age of casessiigated in port-mortem studies of

ASD being 21 years (Courchesne et al., 2007).

In addition to changes in size and density of nesiroa number of other
neuropathological changes have been reported in, A8uding quantitative measures
of glial cell density increases (Morgan et al., @0&nd decreases (Mukaetova-Ladinska
et al., 2004), changes in microglia-neuronal spatiastering (Morgan et al., 2012),
alterations in axonal size and density (Azmitialet2011; Zikopoulos and Barbas, 2010)
and increased dendritic spine density (Hutsler Znang, 2010); as well as qualitative
reports of dysplasias (Hutsler et al., 2007; Wegelal., 2010), disturbances in
lamination (Bailey et al., 1998; Hutsler et al.,0Z0) Kemper and Bauman, 1998;
Mukaetova-Ladinska et al., 2004; Oblak et al., 20M/egiel et al., 2010), the presence

of neurons in subcortical white matter (Bailey ket 8998; Hutsler et al., 2007; Oblak et
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al., 2011b) and a less distinct grey-white matteurtdlary (Avino and Hutsler, 2010;

Bailey et al., 1998; Hutsler et al., 2007).

As can be seen, a huge range of different abnaresahave been reported in the cortex
in ASD, including some reports of no differencesalit(Bauman and Kemper, 1985;
Coleman et al., 1985; Kemper and Bauman, 2002;iaifi§ et al., 1980), but with no
consistent findings really emerging. However, aeseof recent studies have consistently
reported reductions in the width of componentsha& minicolumnar structure of the
cortex (Buxhoeveden et al.,, 2006; Casanova et2@l06a; Casanova et al., 2002b;
Casanova et al., 2002c; Casanova et al., 2010;nGeaaet al., 2006b). Minicolumns
form the fundamental structural unit of the corted as the neurons within an
individual minicolumn respond to slightly differergtimuli to the neurons in a
neighbouring minicolumn, they also form a physiadadly defined unit (DeFelipe, 2005;
Mountcastle, 1997; Peters, 2010). Therefore, ak vl discussed later, alterations in
minicolumnar organisation could have important iicgtions for the structure and

functioning of the cortex.

Psychological Theories of ASD

ASD as a deficit in Theory of Mind

One of the most popular psychological explanat@ndSD is that it stems from a lack
of, or delay in development of, a ‘theory of min@he concept of a ‘theory of mind’
(ToM) was first explored by Premack and Woodru®7&) who defined it as the ability
to attribute mental states, both to oneself ancersthThese mental states include
thoughts, beliefs and desires and an importantcaggel oM is the ability to appreciate

that the mental states of others may differ frore’®wn, and that they may not be true.
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In typical development, ToM usually develops by ge@rs of age (Wimmer and Perner,
1983) and has been proposed to build on the aliditgonstruct metarepresentations,
such as ‘Sally believes the chocolate is in theboapd’, initially learned through pretend
play, something that is less common in ASD (Ledl@87). ToM has been suggested to
be necessary in many aspects of social interactioch) as understanding the actions of
others, and communication as it is necessary te tagcount of the background

knowledge of other participants in the conversa{B®aron-Cohen, 1990).

Given that ASDs often feature lower levels of pmeteplay, difficulties in social
interaction and communication, particularly theipeacal aspects such as turn taking; it
has been suggested that there may be a deficaviel@pment of ToM (Baron-Cohen et
al., 1985). A commonly used task in the investmaif ToM is the false belief task and
in particular the Sally-Anne task. This involvesraducing the child to two characters,
Sally and Anne, one of whom, Sally, places a marbkebasket, before leaving the room
to go for a walk. While she is gone, Anne takesrttagble out of the basket and places it
in a box. When Sally returns the children are askkdre Sally will look for the marble.
This requires the children to understand that Sadly a false belief that is different to
their own belief about where the marble is. Barmh€h et al. (1985) found that while
85% of typically developing children and 86% ofldhén with Down’s syndrome were
able to correctly perform the task, 80% of childvath ASD failed the task. Inclusion of
the group of children with Down’s syndrome allowseéntal retardation to be ruled out
as the reason for the difficulties of most of th&DA group with the task. However,
children with ASD are also found to have difficaltiwith an easier version of this task,
the windows task (Hughes and Russel, 1993). Hezeethre two boxes, each with a
window facing the child. One of the boxes contanshocolate (only the child can see

which one), and the children are required to tedl @xperimenter which box to look in. If
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the experimenter find the chocolate, they keep they don’t the child gets to keep it.
Children with ASD were found to have difficultie®ipting to the box without the
chocolate, even when the examiner was removed. thBisdid not necessarily require
the use of ToM, as they should have been ableato lne relationship between pointing
to the empty box and receiving the reward sugggshat they were unable to disengage
from the object and inhibit the more salient reggma failure of executive function

(Hughes and Russel, 1993).

Another variation on the false belief task that hasn useful in investigating ToM is the
false photograph task. In this task children wdrewsh a doll, Judy, who is initially
wearing a red dress, and take a photograph ofddees While the photo is developing
Judy is changed into a green dress and the chilgrerasked what colour dress she is
wearing in the photo (without looking). A false ieéltask of the same scenario is also
conducted, only with another doll, Susan, presestead of taking a photo, with children
being asked what dress will Susan expect to segwadring when she returns (Leekam
and Perner, 1991). Typically developing childreruggle equally with the false belief
task and the false photograph task until around4agéen they become able to pass
both, whereas children with ASD are able to passfétse photograph task when they
cannot pass the false belief task (Leekam and Ret@81; Leslie and Thaiss, 1992).
Although Leekam and Perner (1991) have arguedtthatgoes against Leslie (1987)
claim that there is a metarepresentational deficRSD, other studies have claimed that
ability to pass the false photograph task sup@onteetarepresentational deficit relating to

mental states only (Charman and Baron-Cohen, 1Ssie and Thaiss, 1992).

While a theory of a deficit in ToM would seem toncentrate on the social and
communication aspects of ASD, it has been arguat @k such a deficit renders the
world unpredictable, restricted and repetitive bétars emerge as a defence mechanism
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to cope with this (Baron-Cohen, 1996; Pellicand, 20this does not stand up against the
fact that restricted and repetitive behaviours sgen across the spectrum (Pellicano,
2011). In addition, this theory has been criticigedit relies on failure on false belief

tasks indicating lack of theory of mind, while asbeen argued that failure on such tasks

could be due to problems with executive functioewen language (Pellicano, 2011).

Although a deficit in ToM might seem an appealihgdry due to its ability to explain

social and communication abnormalities in ASDsitinable to explain some of the non-
social aspects of ASD, in particular aspects silhslats of ability and preoccupation
with parts of objects and arguably restricted agqktitive behaviours (Frith and Happé,

1994).

ASD as an Extreme Male Brain

A related theory, attempting to account for thecspen of conditions seen in ASD, is the
extreme male brain (EMB) theory (Baron-Cohen, 2003)is works from the premise
that ‘The female brain is predominantly hard-wired empathy. The male brain is
predominantly hard-wired for understanding and dnog systems.” (Baron-Cohen,
2003). In this view females tend to be better aatwh called empathising (recognition of
others’ emotions accompanied by an appropriate iemadtreaction on their own part),
whereas males are better at systemising (findindhow systems work or understanding
things in terms of parts that function as a syst@@ayon-Cohen, 2003). As individuals
with ASD are characterised by poor empathising, easdenced through social
impairments, but also high systemising, as can soree be seen through restricted and
repetitive behaviours or savant abilities, the EMBory of ASD suggests that ASD is
due to the presence of this extreme male pattethimking (high systemising and low

empathising)(Baron-Cohen, 2003).
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As can be seen, this theory still puts emphasithertheory of mind component, which
would be expected to underlie empathising, butdsudin the idea of a deficit in ToM, by
evoking the concept of systemising, both to accéemstrengths in ASD and to provide

a more robust account of the presence of restrantedepetitive behaviours.

Although this theory is well supported in termsdata finding higher scores on tests of
systemising, and lower scores on tests of empathisi ASD (Baron-Cohen et al.,
1997a; Baron-Cohen et al., 2003; Baron-Cohen e2@01; Baron-Cohen et al., 1997b;
Lawson et al., 2004), for a theory based on charaohg gender differences in the
general population, this theory neglects a lot thieo information on gender differences
in ASD. In patrticular, this theory does not takéoimaccount the issues discussed above
relating to a potential bias in diagnosis ratese{(ar and White, 2013), differences in
presentation (Kreiser and White, 2013; Rutter £t24l03), or the fact that the diagnostic
criteria and questionnaire measures of ASD may beemepresentative of males than
females (Williams et al., 2008). If the previouslgcepted gender ratio of 4:1 is not in
fact correct, and those identified as having ASDgigraditional assessment methods are
not representative of the ASD population as a witbken this calls into question the very

basis on which the EMB theory is founded.

Weak Central Coherence

In contrast to previous theories which focussedxplaining the deficits in ASD, weak
central coherence was proposed as an explanatidheoéreas of preserved, or even
enhanced, skills. For example, it was found thatigpants with ASD showed better
performance than controls on the Embedded Figues& {Shah and Frith, 1983). This
task requires participants to identify the figueeg( a geometric shape) within a larger,

meaningful picture, as quickly as possible. Theeeférith (2003) suggested that
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typically developing controls process informatianam integrated whole (i.e. globally) in
order to extract meaning, for example in rememigetite meaning of a sentence rather
than the exact wording. This tendency to processinformation together was termed
‘central coherence’. In contrast, it was suggesied individuals with ASD show ‘weak
central coherence’, that is they process stimutenms of their features rather than as a
whole (Frith, 2003). Although the original theoryiggested a deficit in central
coherence, findings of preserved performance destejuiring global processing meant
that later revisions emphasisedbias towards a more local processing style, rather than

this being the only processing style used (HappkFaith, 2006).

Although the original theory suggested that a lgraktessing bias was the primary cause
of autism, able to account for both the social and-social aspects, it was later found
that performance on tasks of central coherencendidcorrelate with theory of mind

ability, suggesting that the social aspects wernecaased by the local processing bias
(Happé and Frith, 2006; Happé, 1997). Instead,fdbas has been shifted to a model
where several primary cognitive abnormalities councand together lead to ASD, with

weak central coherence being associated primaitly mon-social aspects (Happe et al.,

2006; Pellicano, 2011).

ASD as a disorder of perception

Building on Lavie’s load theory of attention andgodive control (Lavie, 2005), which

suggests that irrelevant distractors are processdd when the task being performed
does not exhaust the perceptual capacity, Remingtal. (2012) have suggested that
this might be a useful framework in which to coresidSD. They suggest that previous
studies of attention and perception in ASD are tiyoaplit between showing superior

visual attention on one hand, and on the othertgradistractibility and processing of
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irrelevant information. This is argued, therefasebe consistent with the view that there
is in fact a higher perceptual capacity in ASD,Istltat on tasks where control subjects’
perceptual capacity is ‘full’, resulting in process of just the stimuli and not distractors,
subjects with ASD still have spare perceptual ciypand so process the distractors.
Equally, this enhanced perceptual capacity is ablallow them to show enhanced
performance compared to controls at high percepbaals (Remington et al., 2012). This
theory is in some ways similar to the theory ofamted perceptual functioning (Mottron
et al., 2006), which suggests that in ASD percdptunacesses are superior to higher-
order processes, in that it stresses the importaht®ver-level processes. However, an
important difference in the theory of Remington atmlleagues is that it does not
necessarily suggest any difference in the percepragesses themselves, rather in the

capacity for perception.

This theory of enhanced perceptual capacity haa bapported by a number of recent
studies which find that high levels of perceptwad reduce processing of distractors in
controls, but not in subjects with ASD (Adams aaddld, 2012; Remington et al., 2009;
Remington et al., 2012) (although one study rejplontz difference in perceptual capacity
between ASD and control subjects (Ohta et al., P01& fact perceptual capacity has
been demonstrated to vary with Autism Spectrum {@abtscores (a measure of non-

clinical ASD traits) in the general population (Bayg and Kritikos, 2011).

Although this theory seems to provide a resolutmiween what seemed like two
incompatible bodies of work, showing both increapedceptual abilities and increased
distractibility in ASD, it does not seem able tocawgnt for all aspects of ASD. For
example it seems difficult to reconcile such enleanperceptual capacity with the

intense restricted and repetitive behaviours se&sD.
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Biological Theories of ASD

ASD as a disorder of altered developmental trafgcto

Based on findings from a number of structural MRharss (Carper et al., 2002;
Courchesne et al., 2001; Redcay and Courchesn&),20@urchesne and colleagues
have suggested that there is an altered developimeajectory in autism (Courchesne
and Pierce, 2005a). This suggests that, althoudtsid brain volume is normal, or even
reduced, at birth, there is a period of over groattearly ages, resulting in increased
brain volume compared to controls, followed by aqukof arrested growth and possibly
even decline in brain volume at older ages (Cowsmwleet al., 2011a). This period of
overgrowth has been noted to coincide with the boakautistic symptoms (Courchesne

et al., 2011a).

In addition, the degree of overgrowth is not comsgeross the whole brain, and has been
found to be more pronounced in frontal regions p€gaet al., 2002; Herbert et al., 2004),
and it has been suggested that it is those parteeobrain that have more protracted
development that are the most affected (Courchesmé, 2011a; Herbert et al., 2004).
While this theory arguably does little more tharsa@e the data, it provides an
important framework for interpreting the finding$é @ther studies in terms of altered
developmental trajectories, particularly one wheeselopment is accelerated in early
childhood. Such a model of disrupted developmetitaing is able to explain other
neurological findings or models, such as the idedisrupted cortical connectivity. For
example, early brain overgrowth might influence tleative costs of wiring between
different areas (it is known that the relative sideghe corpus callosum is reduced with
increasing forebrain size (Jancke et al., 1999¢ckkimet al., 1997) causing a decrease in

communication between the hemispheres and an seli@ahemispheric specialisation)
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and also the pattern of connections that devel@wi(é and Elman (2008) developed a
computational model that demonstrated that braergrowth of the sort seen in ASD

leads to changes in connectivity favouring mor@l@onnections).

ASD as a disorder of connectivity

In their ‘underconnectivity theory’ Just et al. () suggest that ASD is caused by
‘underfunctioning of integrative circuitry’ i.e. dise long-range connections responsible
for emergent properties of the brain resulting framegration of information from
different areas of the brain. Therefore it is sisjge that deficits will be observed on
tasks requiring higher level, integrative proces3éss theory is similar, therefore, to the
weak central coherence theory (Happé and Frith6RD0that preserved performance is
expected on tasks not requiring integration betweifierent areas of the brain. The
underconnectivity theory as conceptualised by 8ustl. (2004) is concerned primarily
with functional connectivity, and makes no comment physical connectivity of the
brain. However, this theory has been popular irviging an explanation of how some of
the structural findings could relate to ASD sympébohogy, particularly in light of
extensions of the theory which suggest that lostadce underconnectivity is
complemented by local overconnectivity (Courcheand Pierce, 2005b; Kana et al.,

2011; Wass, 2011).

This theory is supported not only by evidence ohaalities in connectivity (as
described above), but also structural findings. &ample, Herbert et al. (2004) found
that white matter enlargement was restricted to rddiate compartment, that is the
compartment immediately underlying the cortex aodststing predominantly of short,
and medium, range fibres (Zikopoulos and Barba$3RXikopoulos and Barbas (2010)

found that in ASD subjects the white matter undegythe anterior cingulate cortex
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contained a reduced density of the large axonslwhiediate long range connections,
but an increased density of the small axons whieldiate short range connections, when
compared to controls. However, a similar differencthe size of axons was not seen for
either the prefrontal cortex or orbital frontal o, suggesting that perhaps the pattern of
long-range overconnectivity and short-range undereotivity is not uniform across all
brain regions. Indeed, Courchesne and Pierce (30@58ke put forward the idea that it is
the frontal cortex which shows excessive intradareannectivity, but reduced
connectivity with other regions of the brain. A eet study by Ecker et al. (2013)
investigated the connectivity within the grey maitself, finding reduced local wiring
costs, particularly in fronto-temporal areas, cstasit with local overconnectivity.
Furthermore, the reduced wiring costs were founcbtoelate with severity of social and
repetitive symptoms (Ecker et al., 2013), providiegdence that such changes in

patterns of connectivity may relate directly to ASyImptomatology.

ASD as a disorder of an altered excitation/inhdmtratio

Based on evidence of a high co-morbidity of epijeipsASD (Gillberg and and Billstedt,
2000) and high rates of epileptiform and unusuabGEg€tivity in ASD (Orekhova et al.,
2007) (Lewine et al. (1999) found epileptiform aiti in 82% of children with ASD),
Rubenstein and Merzenich (2003) have suggestedtbatnmon underlying explanation
of ASD may be the presence of noisy cortical nekwaraused by an increased ratio of
excitation to inhibition. This altered ratio coulst caused by alterations in either the
glutamatergic or GABAergic systems, the latter d¢ifich is supported by evidence from
genetics studies of common variants (Persico armqmblmi, 2013), findings of reduced
numbers of GABA receptors (Oblak et al., 2010; @4 al., 2011a), reduction in the

number of inhibitory interneurons in prefrontal tex (Zikopoulos and Barbas, 2013)
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(although this has not been replicated in otheasad cortex (Oblak et al., 2011b)), as
well as findings of reduction in the neuropil compat of cortical minicolumns, the

location of the GABAergic interneurons (Casanov@)&, Casanova et al., 2006b).

There is also support for a model of altered ekomaand inhibition from behavioural
tasks. Subjects with ASD have been found to showpaired performance on
somatosensory tactile spatial localisation capaesis, something that is consistent with
reduced cortical inhibition (Tannan et al., 2008mimerdahl et al., 2007; Tommerdahl et
al., 2008).Using a computational model, VattikutdaChow (2010) show that increased

excitation in a system is sufficient to cause thecade abnormalities seen in ASD.

However, computational models of the developmenhioficolumns and cortical feature
maps suggest that decreased levels of inhibitionldviead to the development of wider
minicolumns (Buxhoeveden, 2012; Gustafsson, 2004ich is the opposite to what has
previously been found in ASD (Buxhoeveden et a00& Casanova et al., 2006a;
Casanova et al., 2002b; Casanova et al., 2002@nCes et al., 2010). Despite this,
wider minicolumns (as would be predicted from reztianhibition in ASD) have been

suggested to facilitate greater discrimination aimsli (rather than the holistic

processing facilitated by narrower minicolumns) #6te et al., 2012; Harasty et al.,
2003), a well established feature of ASD, perhagst lcaptured by the weak central

coherence theory (Happé and Frith, 2006).

As Dinstein et al. (2011) point out, such an imhatacould lead to random fluctuations
in activity of cortical neurons (i.e. greater ngjse&hich has been suggested to contribute
to overreactivity of sensory systems (due to diffies in distinguishing a stimulus from
noise) (Liss et al., 2006), which in turn requitee recruitment of higher processing

mechanisms to try to suppress this irrelevant médron, resulting in more diffuse
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activation of neural resources during specific $a&Broen et al., 2008). Increased noise
in cortical systems could also have developmemgdlications, resulting in disrupted
neural representations and impairing the developnoénfurther activity-dependent

relationships (Belmonte and Bourgeron, 2006).

ASD as a minicolumnopathy

Recent findings of consistently reduced minicolumwalths in ASD (Buxhoeveden et
al., 2006; Casanova et al., 2006a; Casanova e@D2b; Casanova et al., 2002c;
Casanova et al., 2010) have led to the concepatialis of ASD as a disorder of
minicolumns (Casanova, 2006). When an imbalanceexafitation to inhibition is
considered the primary cause for ASD, the expeatettome would be wider
minicolumns, rather than the narrower minicolunmmet thave been observed. However,
it can also be argued that the narrower minicoluamesthe primary factor, and that an
imbalance in excitation and inhibition follows from reduction in inhibitory control
which results from narrowing of the inhibitory imbeuron containing neuropil space
(Casanova, 2006). Not only can this approach, tbereaccount for all the features of
ASD that would be expected to arise from an inlobiexcitation imbalance, but it is
also supported by one of the first consistent ngaffwological findings in ASD. In
addition, narrower minicolumns in a normal, or adawrmal, sized brain, would result
in a massive increase in the total number of minioms, and therefore the number of
fibres needing to connect them. As these would fa@agily short range fibres, this
theory is also able to account for the fact thatwblume increases are more pronounced

in the radiate white matter (Casanova, 2006).

Buxhoeveden et al. (2006) discovered that whilaicgdns in minicolumn width were

present across a number of regions of prefrontekxpminicolumn width in primary
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visual cortex was unaffected. From this it was ssted that only areas responsible for
‘higher-order’ processing were affected in ASD, Mhthose responsible for basic
functions, such as primary sensory cortices, weedfected (Buxhoeveden et al., 2006).
This may be able to account for the pattern of dogmnabilities seen in ASD, with
deficits becoming apparent on tasks requiring ‘Brgbrder’, integrative processing
(Happé and Frith, 2006). In addition, the more prorced pathology in ‘higher-order’
areas, of which prefrontal cortex is a prime exangccounts for the fact that the
greatest increase in white matter volume is seemnetliHerbert et al., 2004). If the
minicolumns are most reduced in width in theseaes)i then it makes sense that these
are the regions which will need the most extrallcoanections to be formed, and so will

show the greatest increase in radiate white matieime.

Overview of the Thesis

The present work aims to test Buxhoeveden andamplie’s suggestion (Buxhoeveden et
al., 2006) by explicitly contrast primary sensoggions with higher order association
regions. Three key regions of interest will be sddthroughout this thesis, orbital

frontal cortex, primary auditory cortex and parttlé inferior parietal lobe, as they are

all implicated in processes affected in autism.

The work reviewed above consistently highlights thmportance of taking age into
account, therefore this work will provide one oé thirst investigations into the effect of
developmental trajectory on both regional voluntetrmeasures and cortical
microstructure. Volumes of the cortical regions inferest will first be examined
(Chapter 2), as this could have important implaagi for the interpretation of any
differences in cortical microstructure (for exampiecreased regional volume in the

presence of ‘typical’ or reduced minicolumn widtlowld suggest greater numbers of
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minicolumns within a region). This thesis will thegp on to investigate cortical
organisation by characterising minicolumnar widthihese regions (Chapter 3). This will
form an important contribution to the literatureiawill not only explicitly test whether
primary sensory regions are unaffected in ASD, mdlli also investigate the
developmental trajectory of any diagnostic diffe@esin minicolumn width, and provide
the first investigation of minicolumnar organisation several regions in ASD (inferior

parietal lobe and primary auditory cortex).

The final part of this thesis forms the first qutative study of the relationship between
measures of cortical diffusion and the microstrietof the cortex (Chapters 4, and 5).
Given the diagnostic differences in cortical orgation that have been previously
shown, this method could form the basis of a powevky of potentially detecting these

changes in-vivo.
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Introduction

Whole-brain Volumetric Differences

Enlarged brain volume is one of the most consistiedings in ASD (Stanfield et al.,
2008). Meta-analyses of data across the life spggest ASD is characterised by smaller
brain size at birth, compared to typically devehapchildren, followed by a period of
intense overgrowth during the first year (Redcayd a@ourchesne, 2005). This
accelerated growth is then thought to plateau, sughby adolescence brain size is only
marginally larger in ASD (Redcay and Courchesnd)520and in fact may begin to
decline, leading to reduced brain volume compamdcdntrols in later adulthood
(Courchesne et al., 2011). For very young childreh years) it is often not possible to
acquire MRI scans and so brain size is assesskmbkiyg at head circumference, which
is a very good proxy for brain size (Raznahan et 2013). Many of these studies,
however, compared measures from ASD to establiplpdlation norms, which recent
studies have suggested do not accurately chasetdre population (Daymont et al.,
2010; Raznahan et al.,, 2013). Raznahan et al. 2Bag@e found that studies that
compare head circumference in ASD infants withcally recruited control group rather
than CDC and WHO population norms are less likalyfind evidence of brain
overgrowth in the first year. In fact, they fouridht if typically developing controls are
compared to these norms, they show a similar patktovergrowth’ in the first year to

that seen in infants with ASD. However, Raznahaale{2013) did find evidence for

56



slightly larger brains in ASD by two years of ageggesting that these differences are

smaller and start later than previously thought.

Although studies find brain overgrowth between dabtwo and five or six years on
average in ASD (Courchesne et al., 2011; Raznathaln €013), it is also clear that there
is considerable variation within this (Suren et @013), with individuals with ASD
showing greater rates of both macrocephaly andaoéghaly (Ben-ltzchak et al., 2013);
although this was based on head circumference mesasampared to population norms
and so may over-estimate the rate of macrocephahyrestingly there seemed to be an
effect of gender, with females with ASD showing ®wmean head circumference
compared to typically developing females, and gmeabates of microcephaly (Ben-
Itzchak et al., 2013; Suren et al., 2013). Femaldbese studies, however, also showed
greater rates of developmental regression, gerksiorders, epilepsy or intellectual
disability. This highlights the potentially confading nature of comorbidities and the

severity of the impairment.

While this heterogeneity should not be overlookidre still seems to be a trend towards
increased brain volume at young ages in ASD wisaarth investigating. In a study of
children between 2 and 11 years only the youngestpg (2-4 years) differed from
controls, with differences restricted to the froratad parietal lobes for white matter, and
frontal and temporal lobes for grey matter (Cargeal., 2002). As would be expected
from findings of early overgrowth, while typicallgdeveloping controls showed an
increase in white matter volume of 45% in frontadl goarietal lobes between ages 2 and
11, this was attenuated in ASD with white mattefuame increasing by just 13%.
Similarly in grey matter, while controls showed imcrease in volume of 20% in the
frontal lobe between 2 and 8, in ASD this was oty (Carper et al., 2002). Further
investigation of the location of white matter inrases in ASD compared to controls
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revealed them to be primarily in the radiate wintatter, that is the corona radiata and
the short association fibres directly beneath théeg. The areas showing greater volume
increases compared to controls were those areasnthalinated later or for longer
(Herbert et al., 2004). These findings are considveth with a post-natal onset of brain
overgrowth as well as the theory that there is tgrelmcal connectivity in ASD when
compared to controls, as short association fibresesponsible for connections between

neighbouring regions of cortex.

Localised Volumetric Differences

A number of grey and white matter structures hagenbidentified as showing altered
volume in ASD on the basis of region of interesO(Ranalyses, with some areas
showing both increases and decreases (Brambillal.et2003). Some of the more
consistent findings have been of reduced volumthefcorpus callosum and increased
volume of the caudate and amygdala (Brambilla et 2803; Stanfield et al., 2008).
Again, findings relating to the amygdala have higfiled the importance of taking age
into account with larger amygdalae being seen i Afairing childhood (Schumann et
al., 2009) but not adolescence (Schumann et al4)2However, a recent longitudinal
study found no difference in amygdala volumes eatetcomparably young ages (Barnea-
Goraly et al., 2014). It should be noted that altfto this was a longitudinal study
participants were only followed up after two yeargl so none covered the full age range
being investigated (8-14 years) and also that theber of participants completing both
scans was relatively small (9 ASD and 14 contrédd&hough it is still not entirely clear
when or whether the amygdala is enlarged, someestiag correlations with clinical
features have been found. Amygdala enlargemenbées found to be greater in ASD
than Asperger’s (Schumann et al., 2004), largergaiaka volume at 3 years was found to
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relate to poorer social and communication skillau(iglon et al., 2006; Schumann et al.,
2009) and appropriate use of eye-contact was teladeamygdala volume increases
between 8 and 14 (Barnea-Goraly et al., 2014), icaphg the amygdala in social and
communication aspects of ASD. Similarly, caudatkime has been shown to correlate
with ADI scores of restricted and repetitive beloavs (Hollander et al., 2005; Sears et

al., 1999).

Voxel-based morphometry (VBM) is an unbiased wHmign approach to investigation
of structural differences, requiring no a prioriployheses about where these differences
may be located. Structural MRI scans are firststeged to a template (created by
averaging scans from the subjects included in tiny3. This registration is not perfect
or it would remove the localised structural difieces of interest, but the aim is to
remove large scale differences in structure andtipoghat would otherwise affect the
results. The registered images are then segmentedgrey and white matter before
being smoothed to create an image where each waxg¢hins an average grey matter
density calculated over the surrounding voxels. $hwothing step also creates more
normally distributed data. These smoothed imagestitan be compared on a voxel by
voxel basis to look for localised differences iregrmatter density (Ashburner and
Friston, 2000). Alternatively the images can be dwlated’ in order to enable
investigation of volumetric differences. In order modulate the spatially normalised
tissue is multiplied by the amount the volume iaraied by, e.g. if a region doubles in
volume then modulation will account for this by Viag the intensity of the region. This
ensures all the original information about the woduof this region is retained and so
comparisons of volume can be madéere are some limitations on interpreting the
findings, however, as significant differences maydioie to true changes in tissue density,

for example through cortical thinning, but equaihay instead reflect problems in the
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registration, differences in scan intensity or elinces in gyrification pattern between
groups (Ashburner and Friston, 2001), althoughl#is& may be of interest in its own

right.

A number of VBM studies have been conducted in ABDking at localised changes in
both grey and white matter, finding differencesainange of areas (grey matter findings
are summarised in Table 1). Some of the most cemsig implicated regions include the
cerebellum, prefrontal cortex and medial tempomabel including the amygdala,
although the direction of change is not always =test between studies. The studies
summarised below, however, include subjects witlh laaitism and Asperger syndrome,

and subjects across a range of ages and diffezgass

There is evidence that those with Asperger syndrehwv fewer structural differences
compared to controls than do those with autism (MpAn et al., 2008; Yu et al., 2011).
In addition, previous studies have found differpatterns of structural differences in
Asperger syndrome and autism (Yu et al., 2011)rdfbee, considering all these studies
together may be giving the impression of more disagent than actually exists. Indeed,
if studies for which the sample included only seltgewith Asperger syndrome or high-
functioning autism are considered, a more condigtattern begins to emerge with a
number of studies finding decreases in grey matarsity in the hippocampus and
increases in the cerebellum, fusiform gyrus andriaf parietal lobe, particularly BA40
(Abell et al., 1999; Brieber et al., 2007; Ke et, #008; McAlonan et al., 2002;
McAlonan et al., 2008; Salmond et al., 2005; Yalet2011). However, these results are
still not entirely consistent with some studiesdfig no effect or opposite effects
(Kosaka et al., 2010; McAlonan et al., 2008; Salchenhal., 2005; Yu et al., 2011). Also,

some of the studies summarised below do not pranidemation on the composition of
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their sample and so may have been incorrectly deddrom the Asperger syndrome and

high functioning autism group.

Another factor that varies between studies, arkth@svn from ROI-based studies to have
a different effect on structure in ASD and contsabjects, is age. While a few VBM
studies have looked in childhood and early adolessemost have included large age
ranges from mid-adolescence through adulthood. ingp&t those studies that look only
at children below the age of 15 a more consistatiep of increased grey matter density
in inferior parietal lobe, particularly BA40, aneéateases in prefrontal and orbital frontal
cortices, basal ganglia structures, superior teaigyrus and medial temporal lobe, with
almost all findings going in the same directionthalugh not all studies showed
differences in the same areas (Brieber et al., 20@0 et al., 2010; Ke et al., 2008;
McAlonan et al., 2005; McAlonan et al., 2008; Metige@t al., 2011). In contrast,
although findings are more mixed in samples incigdadults, most studies seem to find
increased grey matter density and this seems tgodrécularly consistent in the
cerebellum, fusiform and caudate (Abell et al., 4;9onilha et al., 2008; Cauda et al.,
2011; McAlonan et al., 2002; Nickl-Jockschat et 2012; Rojas et al., 2006; Salmond et
al., 2005; Salmond et al., 2007; Waiter et al.,£200u et al., 2011) although see also
(Craig et al., 2007; Rojas et al., 2006; Toal et2010). In addition a number of VBM
studies have investigated correlations betweeraagdocal grey matter density finding,
among others, a negative correlation between ageigint supramarginal gyrus (Rojas et
al., 2006), and caudate volume in controls but A8D (McAlonan et al., 2002), and
while the same negative quadratic pattern of amggdalume change with age was
observed in control and ASD subijects, this curve slafted to the left in ASD subjects
(Greimel et al., 2013). These studies clearly destrate the importance of taking age

into account as this could affect the location dimdction of any changes found.
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Study

PFC

OFC

PC

MC

SC

BG

ST(
STS

BMTG

ITC

MTL

TPJ

SPL

IPL

oL

Cb

Tm

Bs

(Riva et al.,
2011)

(Nickl-
Jockschat e
al., 2012)

(Toal et al.,
2010)

(Cauda et al.
2011)

(Rojas et al.,
2006)

(Calderoni et
al., 2012)

(Hyde et al.,,
2010)

(Boddaert et
al., 2004)

(Ke et al,
2008)

(Kosaka et al.
2010)

(Jiao et al.,
2010)

(Mueller et
al., 2013)

(Waiter et al.,
2004)

(McAlonan et
al., 2002)

(McAlonan et
al., 2008)

(McAlonan et

al., 2005)
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Study

PFC

OFC

PC

MC

SC

BG

ST(
STS

BMTG

ITC

MTL

TPJ

SPL | IPL oL Cb Tm Bs

(Brieber et al.,
2007)

(Abell et al.,
1999)

(Kwon et al.,
2004)

(Salmond et
al., 2005)

(Craig et al.,
2007)

(Greimel et
al., 2013)

(Salmond et
al., 2007)

(Schmitz et
al., 2006)

(Bonilha et

al., 2008)

Table 2.1. Summary of grey matter differences foumdBM studies of ASD.
was not reported. PFC=prefrontal cortex; OFC=otHitantal cortex; PC=paracingulate; C=cingulate; #@btor cortex; SC=somatosensory cortex; I=insul&=Basal
ganglia; TP=temporal pole; STG/STS=superior tempgyaus and superior temporal sulcus; MTG=middlmgeral gyrus; ITC=inferior temporal cortex; MTL=miad
temporal lobe; TPJ=temporo-parietal junction; SRipesior parietal lobe; IPL=inferior parietal lobPP=posterior parietal; PO=parieto-occipital; OL=pital lobe;

Cb=cerebellum, Tm=thalamus; Bs=brain stem.
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Given the huge variation in structural findingstthave previously been reported (Table
2.1), this study focuses on a more hypothesis drajgproach, investigating volumetric
differences in regions implicated in process whidve been shown to be altered in
ASD. In addition, given the suggestion discusseovapthat subjects with Asperger’'s
and high functioning autism may show a differenttgra of structural differences to

those with low functioning autism, the present gtudll focus on a more homogeneous

group of high functioning subjects.

Abnormal Timing in ASD

It has been suggested that a deficit in timingitgbihay impair processing of social
stimuli and so give rise to some of the core symgatimlogy of ASD (Welsh et al., 2005).
Although a couple of studies have found no diffeeem interval timing, the ability to
estimate durations, (Jones et al., 2009; Mosto&tksl., 2000) other studies have shown
impairment on this task in ASD (Falter et al., 201®artin et al., 2010; Szelag et al.,
2004). In addition, several studies have suggeasimdwvhen asked to reproduce intervals
between 1-5 seconds ASD participants tend to pedhtervals that overestimate short
intervals and underestimate the long intervals pcod) responses around 3 seconds

(Martin et al., 2010; Szelag et al., 2004).

In contrast, the ability to detect the time of dnsleevents has been much less studied in
ASD. It has been shown that presentation of antarydstimulus alongside the visual
stimuli to be detected alters performance. This lesn found to occur over a wider
range of temporal intervals between the visualamtitory stimulus in ASD compared to
controls, which has been argued to provide evidefizethe ability to integrate
multisensory information over a wider temporal woad(Foss-Feig et al., 2010; Kwakye
et al.,, 2011). In contrast, other studies have ssiggl quite the opposite, finding
increased temporal resolution in ASD implying reglligntegration between time points
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(Falter et al., 2012a; Nakano et al., 2009). Paditts with ASD have also been found to
not show the impairment in ability to make tempooatler judgements about tactile
stimuli seen in controls in the presence of a syortlsed conditioning stimulus. This has
been interpreted to indicate less integration actiose points and was suggested to relate
to differences observed at the level of the minioolar structure of the cortex

(Tommerdahl et al., 2008).

Neural Basis of Timing

Investigations of the neural basis of timing bebavihave largely concentrated on
interval timing, using tasks that require particifgato reproduce or judge the duration of
an interval. Such studies have strongly implicatedbasal ganglia, parietal cortex, areas
of frontal cortex and the cerebellum (Grondin, 20¥@ck et al., 2008). Within the basal
ganglia, most studies find evidence for the involeat of the caudate or putamen or
both (Grondin, 2010; Hinton and Meck, 2004; MecR0@; Meck et al., 2008). Inferior
parietal areas have been shown to be a functiomapprtant part of the parietal lobe in
timing behaviour, with studies implicating both thegular gyrus (BA39) (Alexander et
al.,, 2005; Bueti et al.,, 2008; Harrington et al99&; Meck et al., 2008) and the
supramarginal gyrus (BA40) (Harrington et al., 20Bkrrington et al., 1998; Meck et

al., 2008; Rao et al., 2001).

There is evidence that the timing of sub-second suggka-second intervals may be
supported by different patterns of neural activityth the caudate more implicated in
sub-second timing and putamen and parietal corterenmplicated in supra-second
timing (Grondin, 2010; Jahanshahi et al., 2006; letcal., 2008). Analysis of the time
course of activity during different phases of temgb@rocessing finds activity in caudate

and putamen, prefrontal and inferior parietal amasng encoding of the time interval
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whereas judgements of whether the interval is shant longer than a standard interval
activates prefrontal areas, superior temporal gpgeperior and inferior parietal cortex,

putamen and nucleus accumbens (Harrington etG4;2Rao et al., 2001).

In contrast to interval timing which requires judgents of duration, event timing looks
at what degree of temporal separation is requioeddge two events as asynchronous.
This can be assessed using temporal order judgsnvemere the order of events must be
determined, and stimulus onset asynchrony taskgrevkhe participant must judge
whether the stimuli were presented at the samdffereht times. Studies of event timing
consistently implicate areas of temperoparietal tecor (Kanabus et al., 2002;
Lewandowska et al., 2010; van Steinbuchel et &99), with growing evidence for a
role of right inferior parietal cortex (includindgpé supramarginal gyrus) in tasks using
visual stimuli and left inferior parietal cortex tasks using auditory and language stimuli
(Moser et al.,, 2009; Roberts et al.,, 2012; Woo let 2009). It has been suggested,
however, that inferior parietal cortex is importdot these tasks due to its role in

attention rather than timing per se (Lewandowska.eP010; Woo et al., 2009).

The present study therefore aimed to investigatenvetric differences in ASD and how
this relates to timing ability. A region of intetg®RkOl) based approach will be used to
investigate areas previously found to show voluioelifferences in ASD (amygdala and
basal ganglia), areas implicated in timing behavi@oferior parietal lobe, particularly

BA40, and basal ganglia, particularly caudate anmthrmpen) and two other cortical
regions implicated in processes known to be alterediSD; BA11l and BA41. BAll is

part of the orbital frontal cortex which has besplicated in theory of mind, important
for both social and communication behaviours (AlkelAand Shamay-Tsoory, 2011,
Brink et al., 2011; Carrington and Bailey, 2009bBagh, 2004; V6llm et al., 2006).

BA41 corresponds to primary auditory cortex, ofenest because of the increasing
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recognition of the prevalence of sensory abnorimealiin ASD (Kern et al.,, 2006;
Klintwall et al., 2011; Leekam et al., 2007) aswhdoy their inclusion in the diagnostic
criteria of DSM-5. Given that more sensory abnoitiesl are seen in those with high-
functioning autism when compared to controls thrathose with low-functioning autism
when compared to controls (Leekam et al., 2007),sample of only high functioning
subjects provides a good opportunity to investigatéential differences in a primary
sensory area. The most commonly reported sensoyriaality is auditory, specifically
over-reactivity to sound (Klintwall et al., 2011nmaking primary auditory cortex a

particularly good candidate to investigate.

Additionally, a VBM approach will be employed toopide a whole brain analysis of the
data. Application of a VBM and an ROI-based apphoasill also allow the

correspondence between findings from the two amghe®mto be assessed.

Methods

Subjects

Subjects were a subset of subjects included iniguevstudies on timing sensitivity in
ASD and for whom timing measures had been prewoasjuired and were available for
use in the present study (Falter et al., 2012dgfFat al., 2012b). 11 male subjects with
high-functioning autism or Asperger syndrome (17yars; 2 subjects with high
functioning autism, 9 with Asperger syndrome) we@mpared with 11 typically

developing controls (1 female; 16-38 years). Diagmof autism was confirmed with
Autism Diagnostic Interview — Revised (ADI-R) andutdsm Diagnostic Observation

Schedule — Generic (ADOS-G). Verbal, performancd &arl scale 1Q scores were
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measured using the Wechsler Abbreviated Scaleteflijence. ADI-R, ADOS-G and
IQ measures had already been obtained as parewviops studies (Falter et al., 2012a,;
Falter et al., 2012b) (Table 2.2). Groups did niéfed significantly on age or 1Q (all
p>0.6). Structural MRI scans had already been nbthbut not analysed for eight ASD
and ten control subjects as part of the previoudystFour additional structural scans
(one control and three ASD subjects) were acquaregart of the present study (gap

between scans was approximately 24 months).

ASD Controls

Mean SD Range Mean SD Range
Age (yrs) | 27.0 9.1 17-42 27.2 7.1 16-38
VIQ 115 11 89-127 117 15 99-139
PI1Q 114 11 92-128 117 11 104-136
FIQ 116 10 89-131 119 12 101-141
ADI-A 15 5 9-26
ADI-B 15 4 9-21
ADI-C 6 3 2-12
ADOS-A |3 1 1-5
ADOS-B | 6 2 1-9
ADOS-C | 1 1 0-3

Table 2.2. Subject demographics. VIQ=verbal 1Q; #i€&formance 1Q; FIQ=full scale IQ; ADI-A=ADI-
R reciprocal social interaction domain; ADI-B=ADI-€dmmunication domain; ADI-C=ADI-R restricted
and repetitive behaviours domain; ADOS-A=ADOS-G ocmmication domain; ADOS-B=ADOS-G
reciprocal social interaction domain; ADOS-C=ADOS3tricted and repetitive behaviours domain.

Scan acquisition

T1-weighted structural scans were acquired withtbd tlinical scanner (Siemens) with a
head array coil with the following parameters: tém time =12ms, echo time = 5.65

ms, flip angle=19 degrees, slice thickness = 1mnplane resolution = 1mn

Scan analysis

Scans were converted from DICOM format to NIl filksing dcm2nii (Rorden) prior to
analysis using tools in the FMRIB software librédaSL) (Smith et al., 2004; Woolrich et

al., 2009).
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Automated identification of subcortical ROIs

FIRST was used to estimate volumes of left andtraghygdala, caudate, putamen and
pallidum. FIRST performs a two stage registratioocpss where the whole head image
is first registered to a non-linear MNI152 templatng 12 degrees of freedom (dof).
This is then used to initialise a second 12 doistegtion to the MNI152 template using a
subcortical mask. The inverse transformation is taeplied to the modelled subcortical
structures, allowing subsequent analysis to beopedd in native space using original
voxel intensities (Patenaude et al., 2011). Volunfemach of these subcortical structures

could then be calculated (Figures 2.1, 2.2).

Figure 2.1. Example segmented subcortical strust{al colour coded in b): red= putamen; blue= eteid
green= amygdala.

Figure 2.2. Segmented subcortical structures ompbkacontrol (a) and ASD (b) brains, colour codsd a
for Figure 1 (red= putamen; blue= caudate; greenygalala).
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Localised shape differences between groups weresiigated using vertex analysis as
part of FSL's FIRST analysis. This creates an ayershape across both groups, then
finds the distance of each vertex location to thigerage shape for all subjects
individually. These distances are then analyseadry-parametric permutation analysis

with randomise (part of FSL) to test for group dréinces.

Manual identification of cortical ROIs

Images were run through BET (Smith, 2002) to remall/aon-brain tissue. Estimates of
grey matter (GM) and white matter (WM) volumes weadculated using FAST. FAST
segments the brain into GM, WM and cerebral spfhatdl (CSF) based on a hidden
Markov random field and expectation-maximisatiogoaithm (Zhang et al., 2001).
Cortical regions of interest (ROIs) were tracedtlo@ structural scans according to the

following anatomical definitions, and the volumetloése areas measured.

Primary auditory cortex has been shown to follows $hape of Heschl's gyrus (Da Costa
et al., 2011) which is bounded medially by the lasand laterally by the planum
temporal. Heschl’'s gyrus can take several shapamaghe gyrus bordered by the first
transverse sulcus and Heschl's sulcus, a singlesgyartially divided along its length by
the sulcus intermedius or a completely divided gywnere the sulcus extends down to
the medial base of Heschl's gyrus leaving two palrajyri (Da Costa et al.,, 2011).
Although a recent in vivo study of primary auditocprtex on the basis of fMRI
responses to pure tone stimuli has found that pyiraaditory cortex spans both gyri
when multiple gyri are present (Da Costa et all1130cytoarchitectural studies have
found primary auditory cortex to be confined to #mgerior-most gyri or the anterior part
of the gyri if it is partially divided (Rademachet al., 1993). This definition has been

used in previous studies of BA41 volume (Hall et 2003; Penhune et al., 1996), and so
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was used in the present study with the intermedgtieus forming the posterior

boundary of BA41 (Figures 3, 4).

Figure 2.3. Location of sulci used in delineatirgtical regions of interest. a) Sulci bordering BA1
purple= superior orbital sulcus, turquoise= olfagtsulcus; b) sulci bordering BA41: red=first traasse
sulcus, blue=Heschl's sulcus; ¢) sulci borderingdBAred=Sylvian fissure, green=post-central sulcus,
purple=intraparietal sulcus, blue=Jensen sulcus.

BA11 was defined as the gyrus rectus, bounded riedha the midline, posteriorly by

BA25, separated laterally from BA10 by the olfagtsulcus and dorsally from BA12 by
the superior orbital sulcus. BA40 was defined as spramarginal gyrus, bounded
superiorly by the intraparietal sulcus, inferiody the sylvian fissure, anteriorly by the
postcentral sulcus and posteriorly by the JenskEnisulhe medial boundary was defined

as the medial limit of the intraparietal sulcugg{ies 2.3, 2.4).

Figure 2.4. Example masks for a) BA11; b) BA41 ah&A40

Measurements of the total ROI volumes were madagalvith separate estimates of the

grey and white matter contributions, based on seg¢gtiens produced by FAST.
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VBM

Localised differences in grey matter volume wereesgiigated using FSL-VBM (Douaud
et al., (2007): http://fsl.fmrib.ox.ac.uk/fsl/fsliFSLVBM). This is based on the VBM
protocol developed by Good et al. (2001) and imgeleted in FSL (Smith et al., 2004).
Brain extraction and segmentation of grey mattgreidormed on the structural scans. In
order to be able to compare the scans they arsftramed into standard space using non-
linear registration (Andersson et al., 2007). Adstspecific grey matter template was
created by averaging these registered images.aveimged image was flipped along the

x-axis and re-averaged to ensure left-right symynaftthe template image.

The original, non-registered grey matter imagesthes non-linearly registered to the
grey matter template. The images are ‘modulatédt is, each region is corrected for the
relative contraction or expansion it has experidnige to the registration. For example,
if a region is made twice as large, the intensitythat region is halved to maintain
information about the total amount of grey mattdiew going from the original to

modulated images.

The modulated images were smoothed with an isatr@piussian kernel with a sigma of
4mm. The result of this is that each voxel contéimesaverage grey matter concentration
of the surrounding voxels (with the number of vexaleraged over determined by the
size of the kernel) (Ashburner and Friston, 200B)s means each voxel now contains a
measure of local grey matter density, allowing \raxise comparisons to be carried out
between groups. This voxel-wise comparison is imeleted as a GLM using
permutation-based non-parametric testing to accfmurthe non-Gaussian distribution of
the voxel values. Threshold-free cluster enhancénsemised to control for multiple

comparisons.
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Timing measures

Measures of both event timing and interval timingrevinvestigated as the present
sample had previously been shown to differ fromticds on measures relating to both
forms of timing (Falter et al., 2012a; Falter et, &012b). Measurements of timing
sensitivity had been collected as part of prevstuslies (Falter et al., 2012a; Falter et al.,
2012b). Interval timing measures were availableeight subjects with ASD and seven
controls; event timing measures were availableafbeleven subjects with ASD and ten

controls.

Interval timing

Both visual and auditory stimuli were used in tiaisk. Visual stimuli were presented on
a computer monitor and were white squares in tmgreeof a black screen. Auditory
stimuli were 500Hz tones presented via headphdfesh trial consisted of presentation
of a standard stimulus (for either 600 or 1000nadpived by a random inter-stimulus
interval of between 800 and 1300ms, and then a aasgn stimulus. Participants were
required to judge whether the comparison stimulas the same or a different duration
to the standard stimulus and respond by pressirgg aintwo keys on a computer
keyboard. For the 600ms standard stimulus, congarssimulus durations were 300,
450, 600, 750 or 900ms and for the 1000ms stanstamtlilus, comparison stimulus
durations were 500, 750, 1000, 1250 or 1500msnénthird of the trials the comparison
stimulus was the same duration as the standardilssnand for the other two thirds it
was different (higher for one third of total trisded lower for one third of total trials).
The inter-trial interval was 300ms. Both standand aomparison stimuli could be either
auditory or visual leading to four modality condits (auditory-auditory (AA); visual-

visual (VV); auditory-visual (AV) and visual-audrp (VA)). Blocks consisted of 12
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trials and comparison durations were randomisechimwitblocks. 16 blocks were
presented and standard durations and modality veedomised between blocks. At the
start of each block the modality which was goingo&presented was indicated on the

screen. No feedback was provided on performancaigimout the task.

Signal detection analysis was applied to obtainsmess of timing sensitivity (d’), the
ability to distinguish between standard and congoaridurations, and response bias (c),

the tendency to reply ‘same’ across durations.

Event timing

Stimuli were presented on a computer screen whitaek background. A white fixation
cross was presented in the centre of the screethdaduration of each trial. 500ms after
the beginning of the trial two vertical grey barsre/ presented on the screen either side
of the fixation cross. The luminance of these lveas increased by steps (5.2, 12.8, 22.6,
34.2 and 53.7 lux), either simultaneously or witktimulus onset asynchrony (SOA) of
between 8.33 and 99.96ms (SOAs of 8.33, 16.66,9249.32, 41.65, 49.98, 58.31,
66.64, 74.97, 83.30, 91.63 and 99.96ms). Partitsparre required to judge whether the
bars appeared synchronously or asynchronously bgsprg one of two keys on the
computer keyboard. The session consisted of fieelsl of 52 trials with each SOA
presented 20 times with the order pseudo-randomasenkss the session. No feedback

was provided on performance.

Response criterion and thresholds of simultaneiéyewcalculated for each subject by
fitting a least squares curve to the individualadsets. The steepness of the slope at the
point of inflection gave the response criterionhaét steeper slope indicating a sharper

distinction between two categories. The point dfection of the curve indicated the
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sensory threshold of simultaneity as this is thmfpabove which the subject is able to

detect asynchronous stimuli presentations.

Statistical analysis

All statistical analysis was carried out in SPSSfd9Windows. Group differences in
ROI volumes were investigated using repeated measANOVAs (rmANOVASs) with
region as within subjects variables and diagnosisa d&etween subjects variable. For
investigation of cortical and subcortical ROIs, hgwhere was additionally included as a
within subjects variable. Separate rmANOVAs weradiected for total grey and white
matter, and cortical and subcortical ROIs to avoitblating assumptions of
independence. For the same reason group differendesal brain volume were tested
using an independent samples t-test. Interval gnmeasures were investigated using a
rmANOVA, consistent with the analysis employed @aftér et al (2012b). Differences in
event timing behaviour (response criterion andsthoéd of simultaneity) was compared
using independent samples t-tests. Relationshifistiming measures were investigated
using Pearson’s correlation analyses, given thell seample size included in these
analyses, several correlations have been repeaiad Spearman’s Rank Correlation
analyses to demonstrate that the same pattern splitsewas found, although the
significance of the findings was reduced. Multiptemparisons were controlled for using
Bonferroni corrections to adjust the statisticajngicance level by dividing by the

number of statistical tests performed.
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Results

Regional Differences

An independent samples t-test revealed no differanctotal brain volume (t=-1.293,
p=0.211). Diagnostic differences in grey and whitatter volume were investigated
using a rmANOVA with tissue type as the within sdig variable. This revealed a
significant interaction between tissue type andyulosis (F(1,20)=9.154, p=0.007), but
no effect of tissue type (F(1,20)=1.648, p=0.214diagnosis (F(1,20)=1.673, p=0.211).
Post-hoc t-tests revealed that the interaction adusesto significantly larger grey matter
volume in ASD compared to controls (t=-2.280, p3@)0but no diagnostic difference in
white matter volume (t=0.144, p=0.887)(Table 2I8was decided to investigate both
absolute volume differences and volume differeraz@sected for brain size in order to
investigate whether there are disproportionateetbfices in volume of any of the ROIs

in ASD.

Diagnostic differences in the absolute volume ahbsubcortical and cortical ROIs was
investigated using a rmANOVA with ROI and hemisghas within subject factors,and
diagnosis as the between subjects factor. Thisategtea significant effect of region
(F(6,120)=326.239, p<0.001) but no effect of heinesp (F(1,120)=0.472, p=0.500) or
diagnosis (F(1,20)=0.049, p=0.826) (Tables 2.3).Zl4he same pattern of results was
seen when correcting for total brain volume. Howegeven the significantly larger grey
matter volume seen in ASD, grey matter volumesasfical ROIs (corrected for total
grey matter volume) were considered separatelyyguai rmANOVA with hemisphere
and cortical ROI as within subjects factors andydasis as the between subjects factor.
This revealed a significant effect of region (FE520.984)=350.364, p<0.001) and an

interaction between ROI, hemisphere and diagné%is@49,20.984)=4.359, p=0.048),
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Total Grey White BA11l (mn¥) BA40 (mn¥) BA41 (mnv)

volume matter | matter

(mn) (mm?) | (mmP) L R Mean L R Mean L R Mean
™ 1297969 | 639738 | 658231 3126 3256 3190 15326 16138 15732 1912 1752 1832

(93591) | (64336)| (43429) | (710) | (977) | (795) | (3695) | (2518) | (2404) | (756) | (427) | (501)
ASD 1355705 | 700727 | 654978 2575 2712 2643 16316 14488 15492 2095 1749 1922

(114738) | (61061)| (60728) | (1092) | (1390) | (1188) | (5560) | (3745) | (4033) | (1108) | (487) | (738)

Table 2.3. Mean (and standard deviation) of totairbvolume, grey and white matter volume, and rawf the cortical ROIs for both ASD and contrabgps.

Amygdala (mm) Caudate (mr) Pallidum (mnd) Putamen (mr)
L R Mean | L R Mean | L R Mean | L R Mean
™ 1567 1456 1512 3871 3762 3817 1833 1884 1858 5581 5493 5537
(188) | (233) | (164) | (392) | (218) | (255) | (211) | (218) | (205) | (714) | (747) | (719)
ASD 1604 1535 1570 3944 4051 3998 1952 1960 1956 5584 5520 5552
(195) | (181) | (164) | (429) | (438) | (420) | (138) (88) (100) | (557) | (516) | (524)

Table 2.4. Mean (and standard deviation) volumgubtortical ROIs for both ASD and control groups.
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but no effect of hemisphere (F(1,20.984)=0.020,.889) or diagnosis (F(1,20)=1.407,
p=0.249). Post-hoc t-tests revealed smaller gretems&olume in left BA1l (t=2.287,
uncorrected p=0.033) in ASD, however this did notvive correction for multiple

comparisons (bonferroni corrected significance liémesix post-hoc t-tests=0.008).

No differences in localised structure shape wetedled for any of the subcortical

structures examined (all p>0.5).

VBM

VBM analysis revealed a large area of increaseg gratter volume centred on the left
occipito-parietal region although extending inte guperior and inferior parietal lobes,

in ASD subjects, which persisted when controllingdge (Figure 2.5).

Figure 2.5. VBM results showing an area of incrdageey matter volume in ASD compared to controls.
Colour bar indicates corrected p-values.
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Interval Timing

Modality

AA AV VA VvV

600ms 1000ms 600ms 1000ms 600ms 1000ms 600ms 1000ms

g 299 | 278 | 148 | 147 | 169 | 134 | 183 | 233
(1.31) | (1.72) | 1.57) | (1.71) | (1.28) | (1.21) | (1.43) | (1.91)

D
< | 0847 | -0657 | -0.890 | -0.751 | -0.724 | -0.283 | -0.842 | -0.736
(0.837) | (0.646) | (0.747) | (0.815) | (0.622) | (0.527) | (0.788) | (0.713)
g 175 | 233 | 121 | 114 | 098 | 099 | 1.89 | 1.84
(1.32) | (1.44) | (1.35) | (1.25) | (1.21) | (1.42) | (1.35) | (1.59)

ASD
. | 0369 | -0.490 | -0585 | -0.397 | -0.538 | -0.266 | -0.903 | -0.769
(0.820) | (0.751) | (0.745) | (0.636) | (0.493) | (0.438) | (0.869) | (0.621)

Table 2.5. Mean and standard deviations for timgegsitivity (d’) and response bias (c) for ASD and
control participants separately. Data had previpobsken collected and reported as part of a pre\study
and the data reported here represent a subsedtqfrétviously reported (Falter et al, 2012b).

Separate rmANOVAs with duration and modality as hwit subjects factors and
diagnosis as the between subjects factor were cbeddor timing sensitivity (d’) and
response bias (c) separately. A main effect of ritydaas seen for timing sensitivity

only (F(3,57)=7.673, p<0.001), no other effectseveeen for either timing sensitivity or

response bias (all F<2.7, p>0.12) (Table 2.5).
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Event Timing

Response Criterion Threshold of Simultaneity
ASD -2.56 (1.02) 37.1(13.8)
D -2.39 (1.25) 41.3 (11.0)
t-value 0.287 0.643
p-value 0.779 0.531

Table 2.6. Mean and standard deviations for respaonterion and threshold of simultaneity for ASBda
control participants separately. Data had beerect@t and reported as part of a previous studytltaad
data reported here represent a subset of thatoqugyireported (Falter et al, 2012a).

Independent samples t-tests were used to investdjagnostic differences in response
criterion and threshold of simultaneity separat®lg. significant differences were found

(Table 2.6).

Correlations with timing measures

Given previous findings of involvement of basal giza and BA40 in interval timing,
correlations with interval timing measures weretriefed to investigation of the
relationship between interval timing sensitivitydamolume of these four areas. No
correlations were found for controls although ASilbjscts did show a correlation
between interval timing sensitivity and left pallid volume (r= 0.623, p=0.040, n=11,
Bonferroni corrected significance level for 16 ebations=0.003), but this disappeared if

volumes were corrected for total brain size (r=6,5=0.064, n=11).

80



Event timing has been found to be associated wgtht inferior parietal lobe, therefore
correlations of right BA40 volume with both respensriterion and threshold of
simultaneity were investigated. When controlling farain size, controls showed a
negative relationship between right BA40 volume atideshold of simultaneity
(Pearson’s r=-0.775, p=0.041; Spearman’s r=-0.#3).119; both n=7, Bonferroni
corrected significance level for 4 tests=0.013} thas still present if the analysis was
restricted to grey matter (Pearson’s r=-0.793, @34, Spearman’s r=-0.714, p=0.071,
both n=7, Bonferroni corrected significance level # tests=0.013). However this
relationship was absent in subjects with ASD (toight BA40 volume Pearson’s r=
0.372, p= 0.364; Spearman’s r=0.381, p=0.352; rig#40 grey matter volume
Pearson’s r=0.283, p=0.498; Spearman’s r=0.381,3%20 all n=8, Bonferroni corrected

significance level for 4 tests=0.013) (Figure 2.6).

Group
O et
601 ; O ASD
~—CTL
— ASD

CTL: R? Linear = 0.244
(8SD: R< Linear = 0.084
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3600 5600 TE00 9600 11600

BA40 Grey Matter Volume (mm*3)

Figure 2.6. Relationship between grey matter volim8A40 and thresholds of simultaneity. Controls
p=0.034; ASD p = 0.498

Investigation of relationships between timing measuand structural differences using

VBM was restricted to measures of interval timirgnstivity, something previously
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shown to be altered in ASD in a larger group ofjectis including those included in the
present study (Falter et al., 2012b). This wasriotstl to sensitivity in the auditory
domain as ASD subjects were found to show reduesditsvity particularly in this
domain (Falter et al., 2012b), however no relatigos were seen between auditory

interval timing sensitivity and localised grey neasittolume differences.

Correlations with demographic measures

As no correlations were seen between age and liodah volume (or grey matter and
white matter separately) (all p>0.1) absolute vaamf ROIs were used for correlation
analysis. A positive correlation was seen betwega and BA40 volume (Pearson’s
r=0.820, p=0.002; Spearman’s r=0.747, p=0.008; botiil, Bonferroni corrected
significance level for 6 tests=0.008) in ASD sulgeanly, which survived correction for
multiple comparisons, which was also seen whenicéagy the analysis to grey matter
volume in BA40 (Pearson’s r=0.810, p=0.002; Spearme=0.825, p=0.002; both n=11,
Bonferroni corrected significance level for 3 te$t908) (Figure 2.7a). Further
investigation of this relationship in the ASD suiigeonly found the correlation to be
mainly driven by left BA40 grey matter volume (leftearson’s r=0.800, p=0.003;
Spearman’s r=0.706, p=0.015; right Pearson’s r=).48-0.120; Spearman’s r=0.478,

p=0.137; all n=11).

ASD subjects also showed a positive correlationrwbeh age and BA41 volume
(r=0.837, p=0.001, n=11, Bonferroni corrected digance level for 6 tests=0.008)
which was also preserved when looking in grey maitdy (r=0.740, p=0.009, n=11,
Bonferroni corrected significance level for 6 te€t®08), although this did not survive
correction for multiple comparisons. In contrasinttol subjects showed a negative

correlation between age and BA41 volume (r=-0.7p60.008, n=11, Bonferroni
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corrected significance level for 6 tests=0.008}) tlvas again apparent when restricting
analysis to grey matter only (r=-0.764, p=0.0061h=Bonferroni corrected significance
level for 6 tests=0.008) (Figure 2.7b). A similattern of results was seen if volumes

were corrected for brain size.

a) b) 2500

Group

cTL

11000 ASD

o cn

ASD
5} CTL: R? Linear = 0.584
JASD: R? Linear = 0.547

g
8
g
3

g

;
i
3

-]
g

g
i
BA41 Grey Matter Volume (mm*3)

BA40 Grey Matter Volume (mm*3)

2
8
1

g
;i

5000°

T T T T T T T T T T T T T
15 20 25 30 s 40 45 15 20 25 30 35 40 45

Age (years) Age (years)

Figure 2.7. Least squares regression lines fordlaionship between age and a) grey matter volume
BA40 in ASD only (p=0.002) and b) grey matter vokirm BA41 in ASD (p=0.009) and controls
(p=0.006).

BA41 volume was found to correlate negatively witBl social and communication
measures (ADI-A r=-0.707, p=0.015, ADI-B r=-0.752+0.008, both n=11). Visual
inspection of the data (Figures 2.8a, 2.8b) suggettis might be due to two cases with
large BA41 volumes. Exclusion of these cases ratlutte significance of the
relationship but did not abolish it (ADI-A r=-0.68p=0.042, ADI-B r=-0.749, p=0.020,
both n=9). BA11l volume was found to correlate niegit with social ability as
measured by the ADOS (ADOS-B r=-0.620, p=0.042, In<Figure 2.8c). However,
none of these correlations survived correction rfaultiple comparisons (Bonferroni
corrected significance level for 14 tests=0.004)sikilar pattern of results was seen if

volumes were corrected for brain size.

VBM analysis did not reveal any correlations witteaADI subscale scores or verbal 1Q.
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Figure 2.8. Least squares regression lines foctneelations between volumetric measures and saoicommunication scores. a) Correlation betwe&#1Bsolume and
ADI-A scores (p=0.015); b) correlation between BA4lume and ADI-B scores (p=0.008); c) correlatimiween BA11l volume and ADOS-B scores (p=0.042)
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Discussion

Volumetric findings

The present finding of no difference in white matéad total brain volume between
subjects with ASD and controls is consistent witevpus findings in subjects in this
age range (16-43 years) (Courchesne et al., 20&dicdy and Courchesne, 2005). In
contrast, the finding of increased grey matter @un this age range is not so consistent
with the previous literature. However, the presemasure includes subcortical grey
matter whereas most previous studies concentratexbdical volume, finding decreases
in ASD when compared to controls in adulthood (\A@l et al., 2010) (although one
study reported increased cortical volumes in ASDadolescence and early adulthood
(Hazlett et al., 2006)). While the one study logkat cerebral grey matter volume found
a negative relationship between cerebral grey matteime and age, which would seem
to be incompatible with the present findings, thiady looked at children between 8
and18 years (Lotspeich et al., 2004). It is posstbht while cortical volume may be
decreasing with age, and so would be expected tmmadler at the age range included in
the present study, the subcortical structures noayp@ showing the same pattern. Indeed,
previous studies have found increased caudate wIinmASD and absence of the age-
related reduction of caudate volume seen in tyjyiciveloping controls (Bonilha et al.,
2008; McAlonan et al., 2002; Nickl-Jockschat ef 2012; Rojas et al., 2006; Yu et al.,
2011). Therefore it is possible that the increagesl matter volume in ASD subjects
relative to controls is due more to differencessubcortical grey matter volume than

cortical volume.

However, further analysis of the current data, edticlg subcortical structures from the

measures of grey matter volume, still found sigaifitly larger cortical volumes in ASD
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subjects (t=-2.455, p=0.023) with cortical volunsé®wing a strong positive correlation
with total grey matter volumes for both ASD and ttoh subjects (ASD r=0.995,

p<0.001; control r=0.997, p<0.001). This suggelktt subcortical structures contribute
equally to total grey matter volume in both ASD ammhtrol subjects in this age range,
which is consistent with our finding of no grougfeliences in amygdala or basal ganglia

volumes when controlling for brain size in the @misstudy.

Despite finding no differences in the proportiomalume of subcortical structures, the
present study did find a trend towards larger alisoVolumes of the right caudate in
subjects with ASD. While not significant, this findg is consistent with previous

findings of increased caudate volume in ASD indbeence of differences in other basal

ganglia structures (Sears et al., 1999; Stanfiesd. £2008).

On investigating the grey matter volume changesubjects with ASD further, we found
reduced grey matter volume in left orbital frontaktex. While this is not an area often
reported to be changed at the volumetric level 8DAnot many studies employing an
ROI-based approach have investigated orbital fiordaex specifically. VBM studies
have reported alterations in grey matter densityhia region, with one study finding
decreases in a group of 8-14 year olds (McAlonaal.eR005), though other studies have
found increases in both grey matter density (B@néh al., 2008) and cortical thickness
(Hyde et al., 2010). However, the studies findingréases have generally older subjects
(12-33 years, although the study by (Bonilha et20108) also includes subjects from age
6 years). Studies performing ROI-based investigatiof orbital frontal cortex volumes
support this idea of age-dependent findings. Inualysof children aged 8-12 years,
Girgis et al. (2007) found a significant decreaégrey matter volume in ASD in right
lateral orbital frontal cortex. Similarly, in sulbjs aged between 9 and 46 years, Hardan
et al. (2006) found reduced right lateral orbitadntal cortex volume in children and
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adolescents with ASD compared to controls, buteased volume of the right lateral
orbital frontal cortex in adults with ASD compartx controls. However, neither study
found significant differences in volumes of the magdrbital frontal cortex, which
corresponds to the area investigated in the prestady, although average volumes of
medial orbital frontal cortex were lower in subgetith ASD than controls in the study
by Girgis et al. (2007). However, there were alsethadological differences in the
definition of the medial orbital frontal cortex keten the present study and those of
Girgis et al. (2007) and Hardan et al. (2006). Véasrin the present study the superior
limit was determined based on a line between tinelda of the superior orbital sulcus
and the fundus of the olfactory sulcus, Girgis let(2007) and Hardan et al. (2006)
defined the superior limit based on the level @& ittercommisural line, which is likely
to have resulted in larger estimates of the voluhéhe medial orbital frontal cortex.
Although these methodological differences makafftcdlt to make direct comparisons
with the ROI-based data, which finds no differenéBM approaches finding differences
in the medial orbital frontal cortex find decreasgeshildren/adolescents and increases in

adults, contradictory to what we have found inghesent study.

VBM analysis revealed an area of increased greytemablume in the ASD group,

centred on the left occipital-parietal region butemding into the left inferior parietal
lobe, which persisted when age was controlled Adthough most previous VBM

analyses find differences in a greater number easour findings are consistent with
previous findings looking at a similar demographitie present sample is all high
functioning (9 Asperger's, 2 high functioning aot)sand previous studies investigating
high functioning individuals find increased grey tiea density in regions of inferior
parietal lobe fairly consistently (Brieber et &dQ07; Ke et al., 2008; Yu et al., 2011).

Further, the study by Yu et al. (2011) found thabjscts with Asperger syndrome
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showed increased grey matter in the left hemispharel that the increase was
particularly pronounced in the inferior parietab&y consistent with what has been found

in the present study.

While the region of increased grey matter volumentdied in the VBM analysis
encompassed BA40, the present study did not findolametric difference when
employing a manual masking procedure. Despite Botgostatistically significant, the
mean volume of left BA40 was higher in ASD when pamed to controls, in contrast to
right BA40 which actually showed a slightly lowerean. This pattern is also observed
when looking at just the grey matter within the keak regions. Although both
approaches show consistent differences, the RGebapproach may not have been
sensitive enough to detect the increases in volurhe. area identified in the VBM
analysis also identified regions superior and pastéo BA40 and did not cover the
entirety of BA40, which could have reduced the fd¢he observed difference in the

area identified by the manual mask, hiding an ¢fbeesent in only part of the ROI.

Although differences were detected between ASD esubjand controls, these are
perhaps fewer and more subtle than might have leegrected from the existing

literature. However, the ASD subjects in the curretudy mainly had Asperger

syndrome, with the remaining two having high fuantng autism. While these subjects
were chosen in the hope of creating a more homagesngroup, structural differences
have still been found between subjects with highcfioning autism and Asperger
syndrome, particularly in the thalamus and pallidivicAlonan et al., 2008), meaning a
lack of diagnostic difference in the present stadyld be due to conflicting findings in

the two subgroups. However, there were too fewesubjwith high functioning autism to

analyse alone, and exclusion of these two subfeats the ASD group did not change
the findings in the ROI analysis.
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Another reason why this study did not find manywoétric differences between ASD
and control groups may be because the ASD grougisted of high functioning

subjects. Previous studies have demonstrated felifferences between controls and
those with high functioning autism than are seetwéen controls and those with low

functioning autism (Nordahl et al., 2007; Schumanal., 2004).

Timing measures

Consistent with the findings of Falter et al (20f12he present study found no diagnostic
difference in response criterion in an event timiagk. Although the present study was
not able to replicate the finding of a significatitference in thresholds of simultaneity
between ASD and TD groups found by Falter et all2&), the present study did show
the same pattern, with higher thresholds beingdaaorthe TD group, suggesting that the
smaller sample size (ASD=8; TD=7) may have prewkette present study from being

able to detect diagnostic differences.

Similarly, although no diagnostic differences itenval timing behaviour were detected
in the present study, the pattern of the data wasistent with that found by Falter et al
(2012b), with TD participants showing higher scdi@sboth timing behaviour (d’) and

response bias (c). Again, the smaller sample siagy mave prevented diagnostic

differences from being detected in the presentystud

Relationship with timing measures

No significant relationships were found betweereniwnal timing ability and volumes of
either basal ganglia substructures or BA40. Pnwestigation of processes involved in
interval timing tasks revealed activity in diffeteregions at different stages of the task

(Harrington et al., 2004; Rao et al., 2001). Theasuee investigated in the current study,
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ability to distinguish between standard and congoarintervals, is a product of both the
ability to initially encode the standard intervahdato correctly compare and judge
whether the comparison interval is shorter or lengéherefore, in order to find a
relationship between timing sensitivity and voluneedifferences it may be necessary to
study the processes involved in completing an watleiming task individually. This may
have also contributed to the lack of an associdigtween interval timing sensitivity and

volumetric differences in the VBM analysis.

The present study did find a significant negatigationship between volume of grey
matter in right BA40 and a measure of event timsensitivity, the threshold of
simultaneity. This relationship was found in coidronly, and was absent in subjects
with ASD. A role for BA40 in event timing is congemt with previous studies which
particularly implicated the right inferior parietabrtex in tasks using visual stimuli, such
as in the present study (Lewandowska et al., 2&dherts et al., 2012; Woo et al.,
2009). Although this relationship is not found hetASD subjects in this sample, this
may be due to the small sample size, the relat@eow spread of threshold of
simultaneity values shown by the ASD subjects oly meflect the absence of this
relationship in ASD. Consistent with the latter kxmtion is the finding of reduced
thresholds of simultaneity in a previous study ulothg these subjects (Falter et al.,
2012b) and lower mean grey matter volume in righd8 compared to controls in the

present study.

Correlations with age

Although neither group showed significant changetotal brain or grey or white matter
volume with age, there was a trend towards deargagiey matter volume with age in

the control group (r=-0.509, p=0.109) that was pratsent in the ASD group (r=-0.068,
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r=0.841), consistent with previous findings of thésence of typical age related

volumetric decreases in ASD (McAlonan et al., 20R2znahan et al., 2010).

Of the regions examined in the present study, th@rol group showed a significant
decrease in grey matter volume with age only in BAgbnsistent with previous findings
of gradual grey matter volume decrease in primawgitary cortex in typical
development (Sowell et al.,, 2003). In contrast, ASDbjects showed a positive
correlation between grey matter volume in BA41 agd. While volumetric differences
are not often reported in this region, ROI-basedetations with age are much less
studied, especially in an adult sample. Howeveg, phesence of auditory processing
abnormalities has been found to decrease with mgeSD but not in controls (Kern et
al., 2006), suggesting altered functional ageing®D. To our knowledge this is the first
study to investigate such a correlation in volumetneasures, providing evidence of

altered ageing effects in BA41 between subjects wED and controls.

ASD subjects also showed a positive correlatiomvbeh age and grey matter volume in
BA40 which was more pronounced on the left hemisph€his relationship was absent
in controls. Such a discrepancy in ageing trajeesorparticularly in left BA40 may
contribute to the present finding of increased gratter volume in that region in ASD

subjects.

In contrast to the ROI-based analysis, the VBM ysial revealed no associations
between age and localised increases in grey matleme, either overall or in each
group separately. This could reflect the fact thate comparisons are made in the VBM
analysis, requiring stricter corrections to guagaiast false positives. Therefore any
relationships present may not have survived theecbon for multiple comparisons.

However, relaxing the significance threshold to [=@nly revealed a age-related
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reduction in grey matter volume in bilateral whiteatter in the internal capsule in the

ASD group, suggesting this is not the only explemator the discrepant findings.

Correlations with ASD severity

Consistent with previous findings, the present wthound no relationship between
clinical measures of symptom severity and totalrboa grey or white matter volumes
(Brieber et al., 2007). Negative correlations webserved between BA1l volume and
social ability and BA41 volume and ADI measuressotial and communication skills.
Previous studies finding associations betweenaartiolumes and clinical measures are
predominantly VBM studies, with the only study repay an association finding greater
BA41 grey matter density in a group with less seve&ymptoms compared to a group
with more severe symptoms (Parks et al., 2009)o#etation between BA41 volume
and communication scores in particular is of idedue to the importance of BA41 in
language (Knaus et al., 2006) and suggests this beagn interesting area for future

studies to follow up.

One previous study has investigated correlations/den volume of the orbitofrontal
cortex and ADI and ADOS social scores, howeverp@ations were only found with
white matter volumes in this region (Girgis et aD07). The study by Girgis et al. (2007)
looked at children between 8 and 13 years of agivelopmental period when white
matter volume has been found to be particularlgdain ASD compared to controls
(Herbert et al., 2003). This may explain the figdof a negative association with white
matter in the study by (Girgis et al., 2007) anaegative correlation with grey matter in
the present study when total white matter volunfiedinces are not so pronounced. The
finding of an association between social scores BAlll volume is consistent with a

study by (Powell et al., 2010) in typically develog adults which found that volume of
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orbital frontal cortex correlated positively witb@al competence. Previous studies have
also implicated this region in theory of mind whishimportant for social functioning
(Abu-Akel and Shamay-Tsoory, 2011; Brink et al.120Carrington and Bailey, 2009;

Sabbagh, 2004; V6llm et al., 2006).

The absence of any correlations between symptorarisggvand subcortical structure
volumes is perhaps surprising given previous figdiassociating amygdala volume with
measures of social skills (Allely et al.; Barnear&yp et al., 2014; Munson et al., 2006;
Schumann et al.,, 2009) and caudate volume withriceet and repetitive behaviours
(Hollander et al., 2005; Sears et al., 1999). Haweprevious studies finding an
association between amygdala volume and sociatiumog were all conducted in pre-
adolescent children and most of them in childredeur6. Given the findings of enlarged
amygdala volumes in children but not necessariglestents (Schumann et al., 2004) it
is possible that only amygdala volume in childhaoéaningfully relates to social

functioning.

Although one study found no association betweensoresa of restricted and repetitive
behaviours and caudate volumes (although theyiddddorrelations with the volume of
other basal ganglia structures) they only lookedhiddren and so their results may not
be comparable with the findings of the present \stiitktes et al., 2011). Most studies
implicating caudate volume in severity of restricnd repetitive behaviours have used a
similar age range to the present study, althougtsthall sample size in the present study

compared to previous studies may have preventededatyonships from being detected.
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ROl vs. VBM

Despite the advantages of VBM in providing an awdted, reproducible, hypothesis-free
approach to investigating local volumetric diffecen, there are also limitations to the
approach. For example mis-registration between @natpye to differences in gyral or
sulcal position or differences in cortical foldingn affect the results of VBM (Ashburner
and Friston, 2001; Giuliani et al., 2005; Kubickia¢, 2002). Studies directly comparing
the results of ROI-based and VBM approaches tosiiy&ting structural differences

between diagnostic groups suggest that VBM is n@péacement for the gold standard
approach of manual ROI-based analysis, but that bethniques can reveal different,

and sometimes complementary information (Giulidrale 2005; Kubicki et al., 2002).

Several studies have shown differences in the npattecortical sulci and cortical folding
in ASD (Levitt et al., 2003; Nordahl et al., 200@hich could potentially affect the
accuracy of registration and tissue classificatloming the VBM analysis (Ashburner
and Friston, 2001). Such changes may also presenssae for cortical ROI-based
analysis, especially given findings of alterations position of the Sylvian fissure,
superior temporal sulcus and interparietal sulch&hvall form boundaries of BA40, and
of the olfactory sulcus which forms one boundary BAl1l (Levitt et al., 2003).
However, it is anticipated that this would caussslef a confound for the ROI-based
approach utilised here. It is expected that shiftssulcal position would either be
meaningful with regards to cortical volume if thase either caused by or result from
increases or decreases in the volume of neighbmgyni, or irrelevant with regards to
cortical volume if such an expansion or contractbrsurface area was counterbalanced

by a reduction in the cortical thickness. As s@@ used in delineating cortical ROIs
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such shifts in sulcal position would therefore Bpexted to either result in no changes in

cortical volume or reflect meaningful differences.

Limitations

The main limitation of the current study is the #nsample size, especially given the
expectation of more subtle differences when compgathose with high-functioning

autism to controls (Nordahl et al., 2007; Schumenal., 2004). In addition, the present
sample covered a large age range. Although thietisexpected to be as problematic as
in childhood when volumetric differences are morenpunced (Courchesne et al., 2011,
Redcay and Courchesne, 2005) different developrheajactories in ASD subjects and

controls may have affected the sensitivity to vadtme differences when comparing the

two groups as independent samples, as was dohe présent study.

Macroscopic approaches, as employed in the presedy, are limited in their ability to

provide details about the nature of the volumetiififerences. For example, increased
volume could be due to differences in the numbedeaarsity of the neurons and which
one of these is true could have implications farctioning of that area of the cortex. In
addition, there could be changes at the cellulgllevhich are not reflected in volumetric
changes and so would be missed by macroscopic agpms. For example, there could
be an increase in both numbers and density of neuroa particular cortical area, giving

rise to no volumetric difference.

Although the present study is limited by its indbilto reproduce the differences in
timing behaviour seen in the larger sample stuthedralter et al (2012a, 2012b), it is
interesting that different relationships betweeming behaviour and regional brain

volumes are still seen in ASD and TD groups. Tmpleasises the fact that different
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underlying processing may be going on in ASD in dbsence of detectable differences

in either structure or behaviour.

Conclusions

The present study found increases in grey mattéfirparietal cortex and decreases in
left BA11 in subjects with high-functioning ASD c@ared to controls. In contrast to
controls who showed decreased grey matter in BA4th wage, subjects with ASD
showed increased grey matter volume with age ih Bét41 and BA40, consistent with
the idea of altered developmental trajectories 8DA(Courchesne et al., 2011). Social
and communication scores in subjects with ASD weuoad to correlate with volume of
BA41 and BAl1l, an area implicated in theory of mifithe correlation between right
BA40 volume and event timing sensitivity found iontrols was not present in subjects

with ASD, supporting a neural basis for alteredignsensitivity seen in ASD.
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Introduction

Although a more coherent story of an altered deprakntal trajectory is beginning to
emerge from volumetric studies of ASD, investigasionto the microstructural changes

underlying such altered development have beerclassistent.

Most histological studies of ASD have focused owvestigations of neuronal size and
number in the cortex. Reduced neuron size has tegented across a number of areas
including the fusiform gyrus (van Kooten et al.08), anterior cingulate cortex (Simms
et al., 2009), somatosensory cortex (Casanova.et2@06a), primary motor cortex
(Casanova et al., 2006a), primary visual cortex§@asa et al., 2006a), BA44/45 (Jacot-
Descombes et al., 2012), and prefrontal cortexd@@ag et al., 2006a) (although a study
by (Courchesne et al., 2011b) found no differencenéuron size across prefrontal
cortex). Several studies have found these differemt cell size to be age dependent with
van Kooten et al. (2008) finding that the positiearelation seen between age and
neuron size in the fusiform is absent in ASD. Samyl, Jacot-Descombes et al. (2012)
report a negative correlation between neuron siZ2A444/45 and age in controls but not
subjects with ASD, meaning that the reduction il siee seen in ASD in childhood is
not present in adulthood. Reports of neuron dermity more varied, however, with
findings of reduced (van Kooten et al., 2008) oaltered neuron density in the fusiform
gyrus (Oblak et al., 2011), no difference in neudansity in the posterior cingulate
cortex (Oblak et al., 2011), BA44/45 (Jacot-Descesét al., 2012), or primary auditory

cortex (Coleman et al.,, 1985), and unaltered (MtdwaeLadinska et al., 2004) or
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increased neuronal density in the prefrontal co(@ourchesne et al., 2011b). Given the
findings of regional variation in volumetric diffiemces, it is, perhaps, not surprising that
similar regional variation has been found for measwf neuronal density. Although
some of the discrepancy within both the prefromtaitex and fusiform gyrus may be
explained by considering developmental trajectarg. (both the studies finding no
difference in neuron density were in adults (MukaetLadinska et al., 2004; Oblak et
al.,, 2011), whereas studies finding alterationsnguron density incorporated both
children and adults (Courchesne et al., 2011b;K@oten et al., 2008)), it still does not
help to resolve the difference in direction of fireings. Both the fusiform gyrus and
prefrontal cortex are regions where the volumetticies point reasonably consistently
to decreased volume in children with ASD whereas ltistological studies find one
region showing increased neuronal density and theradecreased neuronal density.
This suggests some inconsistency with differenoesauronal density not necessarily
mirroring differences in overall volume. Howevers aan be seen from studies of
volumetric changes, there is considerable hetemtermetween subjects, diagnostic
groups (e.g. HFA vs. LFA), with age and with metblogdyy, contributing to seemingly
contradictory findings between studies. As of yeflatively few studies have been
conducted to investigate neuronal density in ASEJ those that have typically have
fewer than ten ASD cases (Coleman et al., 1985;r¢besne et al., 2011b; Jacot-
Descombes et al., 2012; Oblak et al., 2011; vantéoet al., 2008), emphasising the

need for more, larger studies before a cohereng sam emerge.

One recent finding that seems to be consistentdsativall studies carried out so far, is
the finding of reduced minicolumn width in ASD (Bweveden et al., 2006; Casanova et
al., 2006a; Casanova et al., 2002b; Casanova ,e@2c; Casanova et al., 2006b).

Minicolumns consist of a vertical string of 80-108urons stretching between layers II-
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VI, with associated dendrites and myelinated axondkes, and form the fundamental
structural unit of the cortex (Buxhoeveden and @Gasa, 2002; Casanova et al., 2008;
Mountcastle, 1997). The core area of the minicoluoumtaining the cell bodies, apical
dendrites and unmyelinated axons, is surroundea logll sparse peripheral neuropil
space (Casanova et al., 2002b). Multiple individaabns group together, forming
bundles as they descend from layers Ill to VI wattor closely adjacent to, the core of
the minicolumn (Casanova et al., 2002b). The eddethe minicolumn core contain
GABAergic interneurons which are thought to providbibition between neighbouring
minicolumns to ensure functional segregation (Favand Kelly, 1994). Minicolumn
width, defined as the centre-to-centre spacindgiefminicolumns, has been shown to be
sensitive to regional variation within the brainh@ce et al., 2011) as well as both
ageing (Chance et al., 2006; Chance et al., 201 Rd3a et al., 2009) and pathology

(Casanova et al., 2002b; Chance et al., 2008; BaRrb al., 2009).

Findings of differences in minicolumn width haveegt explanatory potential in light of
observed and suggested connectivity abnormalitie\$D. In light of findings of
increased brain volume and decreased minicolumthwitlhas been suggested that this
would result in a huge increase in minicolumn nuraband therefore the fibres
connecting these extra minicolumns. Due to theeiased metabolic demand of longer
axons, this increased white matter might therefi@ebiased towards local, short-range
connections (Casanova et al., 2006b) explainingritrease in radiate white matter seen
in children with ASD (Herbert et al., 2004). Meamsments of intrinsic cortical
connectivity using cortical separation distancesestimate the wiring costs between
separate regions of the cortex, reveal reducedcabgeparation distances in ASD in a
range of cortical areas (pre- and post-central gyprimary motor cortex, primary

somatosensory cortex, temporal lobe, parietal reggimcluding the temporal parietal
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junction, and orbital frontal cortex) suggestivenairrower minicolumns and more local

connectivity.

Despite the large volumetric differences found imiter matter, few studies have
investigated the microstructural changes. Althoaghumber of studies have suggested
there may be altered myelin in ASD, these studiageheither focused on levels of
myelin associated proteins (Koul, 2006), antibodeggainst myelin basic protein
(Mostafa and Al-Ayadhi, 2011; Singh et al., 19938)imaging techniques sensitive to
changes in myelin (Hendry et al., 2006). Seversiohbgical studies have suggested the
presence of dystrophic axons in ASD (Azmitia et 2011; Weidenheim et al., 2001). A
guantitative study of axonal density in white matiederlying prefrontal cortical regions
found fewer extra large axons in deep white mattet a high density of small axons in
superficial white matter underlying the anteriongulate cortex in ASD compared to
controls (Zikopoulos and Barbas, 2010). This wagyssted to reflect fewer long range
connections, which would be subserved by the eldrge axons, and more local
connections, due to the increased density of saxalhs. This pattern was only observed
in the white matter underlying the anterior cingellaortex and not below BA22, BA11
or lateral prefrontal cortex. White matter undertyBA11 did show an increased G-ratio
in ASD, the ratio of axon diameter to myelin thieks, indicating thinner myelin

regardless of axon diameter (Zikopoulos and Bar®@k0)).

Several studies have found that it is specificiflg neuropil space component of the
minicolumn that is reduced in ASD (Buxhoevedenlgt2906; Casanova et al., 2002b).
In these studies, neuropil space is calculatechasdifference between the centre-to-
centre spacing of the minicolumns and the widtthefcore region (the core region being
defined as the part of the column containing 90%hefcells (Casanova et al., 2002b)).
Therefore, it has been suggested that reductidheoheuropil space corresponds to loss
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of inhibitory GABAergic cells at the edge of thereaegion (Casanova, 2006). This
would affect the excitation-to-inhibition ratio ariderefore cortical development, and
increased excitation could explain the high ratesetures seen in ASD (Casanova et al.,
2002a). However, computational models of minicolammrganisation suggest that
decreased lateral inhibition would lead to the fation of wider minicolumns
(Gustafsson, 1997; Gustafsson, 2004). Wider minmols would result in less
overlapping dendritic trees and so more discretetfaning of individual minicolumns
(Chance et al., 2012) which would be consistenhliie preserved or even enhanced

featural processing seen in ASD (Happé, 1999).

In a study of minicolumnar organisation in the néddemporal gyrus (BA21),
dorsolateral prefrontal cortex (BA9) and area Tgar{ of BA22 at the posterior end of
the superior temporal gyrus and including the pastgart of the planum temporale)
Casanova et al. (2002b) found reduced minicolumdtiwand neuropil space in ASD
compared to controls. It is not possible to seethdreall regions showed a similar
decrease or whether this was more pronounced ie segions than others, as results for
each region individually were not reported in teisidy. These overall findings were
replicated in the same subjects by Casanova €@02c), using the grey level index to
provide a measure of distance between peaks afsityein black and white images,
which would correspond to the core of the minicahsmThis would therefore provide a
centre-to-centre measurement of minicolumn widthe Tindings from this study agreed
with the earlier findings of reduced minicolumn wWidn ASD, but again provided no
details on the degree of reduction in the individaieas (Casanova et al., 2002c). In
addition, although the studies by Casanova aneéaglies included age as a covariate in

their analysis, no investigation was made of pdssiige specific differences between
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subjects with ASD and controls, something of inderdue to previous findings of age

dependent volumetric differences (e.g. Courchetsaé €011a)).

In contrast a study by Buxhoeveden et al. (200&gispally investigated the effect of
both age and brain region on differences betwebjests with ASD and controls. They
investigated minicolumn width in three regions oéfpontal cortex (dorsal, orbital and
mesial) and primary visual cortex (BA17), in two B®ases (aged 3 and 41 years old)
and five control cases (aged 2, 21, 34, 44 ande@ssy. When comparing the adult cases,
reduced minicolumn spacing and neuropil space Vianed in ASD in all three frontal
regions, but no differences were found in V1. Imtcast comparison of the two children
revealed narrower columns in mesial frontal cordeky in ASD. Unlike the typically
developing cases where significantly narrower nahimns were found in all three
frontal regions at age two, the three year old A8&se only showed narrower
minicolumns in the mesial frontal cortex when congglato the 41 year old case. As a
result of these region specific differences, it hme®en suggested that higher order
association areas may be affect in autism withdtérdnces in primary sensory cortices
(Buxhoeveden et al., 2006). However, as can be, gb& was a very small study,
including only two subjects with ASD and controkea with a wider age range than the

ASD cases, so these results can only be considerggreliminary.

Three more recent studies by Casanova and colleagQasanova et al., 2006a;
Casanova et al.,, 2010; Casanova et al., 2006b) tumtleer investigated the effect of
region on differences in minicolumn width betweeaups. In a study looking at primary
motor cortex (BA4), primary visual cortex (BAl7)molateral prefrontal cortex (BA9)
and primary somatosensory cortex (area 3b), namrewgeicolumns were once again
found in ASD compared to controls (Casanova et2flQ6a). A significant effect of
region was found, although no interaction betweegian and diagnosis, despite
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including several primary sensory areas as wellaasigher order association area.
However, prefrontal association cortex (BA9) didwha larger difference between ASD
and control means (2.9um) than the primary sensgins (0.7-1.2 um). Another study
of the same cases but looking at more corticabregy{frontopolar cortex, orbital frontal
cortex, dorsolateral prefrontal cortex, primary orotortex, primary somatosensory
cortex, frontoinsular cortex, Broca’s area, antegmgulate cortex and primary visual
cortex) found no overall diagnostic difference il find an interaction between
diagnosis and cortical region (Casanova et al.6BOPost hoc investigation revealed
increased neuropil space in frontopolar cortexamerior cingulate, with non-significant
decreases in neuropil space in dorsolateral prigfr@nd primary visual cortices. The
finding of significant increases in neuropil spat@monstrates regional heterogeneity,
but also that reductions in all minicolumnar comgais are not necessarily a universal
feature of ASD. A final study by Casanova et al1@) looking at the same nine cortical
areas in the same subjects (with inclusion of oxtaeolder pair of cases) found
narrower widths of the core region of the minicohgnn ASD as well as an interaction
between diagnosis and cortical region. Althoughrttean value for each cortical region
was lower in ASD, this was not assessed for si@gissignificance. Again, although the
effect of age was controlled for, in these studigsuse of matched pairs, age related
differences were not investigated even though thajects ranged from 4 to 25 years,
an age range that might be expected to show arehite given the findings of
Buxhoeveden et al. (2006). Investigation of the&fbf age on differences between ASD
and controls may also shed light on the findingsnafeased neuropil spacing in the

study by Casanova et al. (2006b).

Therefore, the aim of the present study was to stigate potential minicolumnar

differences in ASD, with a particular focus on wal and age-related patterns of
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differences. Four different cortical regions haveem chosen for investigation,
representing both association cortices and a pyinsensory region, allowing us to
directly test Buxhoeveden et al. (2006) suggedtitat association cortices are affected
while primary sensory cortices are unchanged. BAstimary auditory cortex, will be
used as an example of primary sensory cortex, du¢he high rate of auditory
abnormalities in ASD (Klintwall et al.,, 2011). Th@anum temporale (PT) has been
included as an example of unimodal associationegp@nd also because of its role in
language which is known to be affected in ASD. Tl two regions comprise
heteromodal association cortex; BA11 and BA40 ladtivhich are important in theory
of mind (Abu-Akel and Shamay-Tsoory, 2011; Brinkaét 2011; Carrington and Bailey,
2009; Sabbagh, 2004; Volim et al., 2006). In additithis range of cortical regions will
allow us to investigate the suggestion that themeduced cortical differentiation in ASD
(Voineagu et al.,, 2011; Ziats and Rennert, 2013)e Ppresent study also includes
participants between 4 and 88 years to enable whathy differences between ASD and
control cases are observed at all ages, or whetiey might be due to altered

developmental trajectories in the two groups.

Methods

Subjects

Fixed tissue from 28 ASD brains and 25 typicallyeeping controls, matched as far as
possible for age (age range 4-88) was obtaine@Adrl, BA40, BA41 and PT. Tissue
was obtained through the Autism Tissue Program (Adriel the Thomas Willis Oxford
Brain Collection (TWOBC). Where available informati on sex, hemisphere, brain

weight and clinical characteristics were also rdedr(Tables 3.1, 3.2).
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Case Source Diagnosis | Sex| Hemi-| Age Brain Minicolumn Analysis Axon Bundle Analysis
sphere | (years) | Weight (g) | BA11 | BA40 | BA41 PT BA11 BA40 BA41 PT

BTB-5308 NICHD BTB | ASD M * 4.5 * + + +

AN14266 Harvard ASD M * 5 1420 + + + + + + +

AN03221 Harvard ASD M * 7 1560 + + + + + + +

ANO03407 Harvard ASD M R 7 1575 +

AN13961 Harvard ASD M L 7 1610 + + + + + + +

AN16641 Harvard ASD M R 9 1320 + + + + +

AN01293 Harvard ASD M L 9 1690 + + + + + + + +

AN15326 Harvard ASD M * 10 1680 + +

ANO00754 Harvard ASD M R 13 1470 + +

UK92185 TWOBC ASD M * 14 * + + + +

AN11143 Harvard ASD M * 14 1770 + + + + + + + +

AN02736 Harvard ASD M * 15 1390 +

92_1014 TWOBC ASD M L 17 1451 + + + + + + +

UK68593 TWOBC ASD M L 19 1243 + + + +

ANO07817 Harvard ASD M R 19 1090 + + + + + + + +

ANO00764 Harvard ASD M R 20 1144 + +

UK27798 TWOBC ASD M R 22 1606 + + + +

AN11180 Harvard ASD F * 25 1310 + + + + + + + +

AN12457 Harvard ASD F R 29 * + + + + + + +

99_1071 TWOBC ASD F R 32 1265 + + + + + + + +

98_1174 TWOBC ASD M L 35 1512 + + + + + + + +

ANO7770 Harvard ASD F * 40 890 + + + + + + +

UK45353 TWOBC ASD F R 44 1592 + + + +

UK42577 TWOBC ASD F L 44 1412 + + +

AN19534 Harvard ASD M * 45 1360 + + + + + + + +

UK27696 TWOBC ASD F L 48 1126 + + + + + + + +

AN16096 Harvard ASD M R 50 * + + + + + +

UK31539 TWOBC ASD F 60 * + + + +

UMB4670 NICHD BTB | CTL M * 4 * + +

UMB4203 NICHD BTB | CTL M * 7 * + + + + + +

UMBA4337 NICHD BTB | CTL M * 8 * + + + + + + +

M3538M NICHD BTB | CTL F * 9 * + +

b1947 TWOBC CTL F L 10 1458 + + + + + + + +
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Case Source Diagnosis | Sex| Hemi-| Age Brain Minicolumn Analysis Axon Bundle Analysis
sphere | (years) | Weight (g) | BA11 | BA40 | BA41 PT BA11 BA40 BA41 PT

98_1105 TWOBC CTL M R 13 1650 + + + + + + + +

b0958 TWOBC CTL F R 13 1530 + + + + + + + +

05_137 TWOBC CTL M R 16 1445 + + + + + + +

97_1312 TWOBC CTL F L 17 1450 + + + + + + + +

93_1351 TWOBC CTL M L 18 1540 + + + + + + +

c3569 TWOBC CTL M R 18 1520 + + + + + + + +

91 1134 TWOBC CTL F L 21 1340 + + + + + + + +

c1384 TWOBC CTL M R 25 1592 + + + + + + + +

b8959 TWOBC CTL M R 30 1400 + + + + + +

95 1348 TWOBC CTL F R 35 1330 + + + + + + + +

93_1086 TWOBC CTL F L 39 1330 + + + + +

b8927 TWOBC CTL F L 45 1210 + + + + + +

cl754 TWOBC CTL M L 45 1240 + + + + + + + +

103_13 TWOBC CTL F * 48 1143 + + + +

b1277 TWOBC CTL F R 49 1360 + + + + + + + +

21 13 TWOBC CTL F R 68 1295 + + + +

10 71 TWOBC CTL M R 68 1500 + + +

59 08 TWOBC CTL M L 73 * + + + +

10 93 TWOBC CTL F L 82 * + + + +

10_68 TWOBC CTL F R 88 1103 + + + +

Table 3.1. Subject demographics and areas invéstigdissue was not available for all cases foredions (+ indicates the tissue was available)ata not available;
TWOBC=Thomas Willis Oxford Brain Collection; NICHBTB= NICHD Brain and Tissue Bank, University of Ménd; Harvard=Harvard Brain Tissue Resource Centre
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Case Sex| Age Seizures ADI-A ADI-B ADI-C ADI-D
(years)
BTB-5308 | M 4.5 * * * * *
AN14266 | M 5 N * * * *
AN03221 | M 7 N 27 16 8 5
ANO03407 | M 7 N * * * *
AN13961 | M 7 N 29 14 3 5
AN16641 | M 9 Y 24 13 4 5
ANO01293 | M 9 N 26 12 5 4
AN15326 | M 10 Y 26 14 10 4
ANO00754 | M 13 Y 28 12 3 *
UK92185 | M 14 Y 23 19 6 5
AN11143 | M 14 Y 13 17 5 5
ANO02736 | M 15 Y * * * *
92_1014 M 17 N * * * *
UK68593 | M 19 N 26 12 2 5
ANO07817 | M 19 * * * * *
ANO00764 | M 20 N 27 13 6 4
UK27798 | M 22 N 10 11 5 2
AN11180 | F 25 Y * * * *
AN12457 | F 29 Y 30 21 12 5
99 1071 F 32 N * * * *
98_1174 M 35 Y 25 14 7 5
ANO7770 | F 40 N 12 14 8 5
UK45353 | F 44 N * * * *
UK42577 | F 44 N 26 10 3 3
AN19534 | M 45 N 27 14 4 5
UK27696 | F 48 N 29 23 6 5
AN16096 | M 50 * * * * *
UK31539 | F 60 N * * * *

Table 3.2. Clinical characteristics of ASD casemdicates this information was not available.

Neurohistological sampling

Brains were sectioned coronally and blocks of s2senm x 25mm x 10mm were
sampled for each of the three regions from one $@mere per brain. Blocks and the
surrounding tissue were photographed using an QkgmP-5050 digital camera for
reference. BA41 blocks incorporated Heschl's gyand the planum temporale. BA41 is
bordered medially by the insula cortex and latgrdly the planum temporale. The
anterior boundary is marked by the first transvensieus and the anterior boundary by
Heschl's sulcus. The planum temporale is locatedthanlower bank of the Sylvian
fissure and bounded posteriorly by its ascendingusa The anterior boundary is formed
by Heschl's gyrus (Figures 3.1, 3.2; also see EidguB). BA11l blocks were sampled

from the gyrus rectus, bounded medially by the mé]lposteriorly by BA25, separated
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Figure 3.2. Example sectioning of blocks. a) BAWJIBA41 and PT and c) BA40.
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laterally from BA10 by the olfactory sulcus and swlty from BA12 by the superior
orbital sulcus (see Figures 3.2, 2.3). BA40 wadneef as the supramarginal gyrus,
which is bounded superiorly by the intraparietdtss, inferiorly by the sylvian fissure,
anteriorly by the postcentral sulcus and posteribyl the Jensen sulcus (see Figures 3.2,
2.3). We were particularly interested in area Pfin BA40, which is defined
cytoarchitecturally but is located towards the past part of the supramarginal gyrus.
Therefore, where possible, BA40 was sampled froenatfea posterior to the end of the
Sylvian Fissure. However, for cases obtained fromm ATP, despite availability of this
region being indicated by the online database (atpporg), for some cases this area
was no longer available by the time the brains wsaenpled, resulting in the
present study being provided with a mixture of thget region (area Pfm) and a more

anterior part of BA40.

All tissue was sucrose protected (30% w/v) priofreezing to minimise artefacts. Four
30-um sections were cut from each block. Two weassINtained with cresyl violet (CV;
ThermoFisher Scientific, Waltham, MA, USA) for valisation of neurons (Figure 3.3)

and two were stained with Sudan Black for visu#ilgaof axon bundles (Figure 3.4).

Minicolumn Analysis

Minicolumn width based on cell bodies was assesse®y a semi-automated procedure
that has been described in detail previously (Bexkden et al., 2001; Casanova and
Switala, 2005). This procedure gives a value ferntinicolumn width consisting of the
cell dense core region plus the associated newppie surrounding this. For each ROI,
four pictures were taken, two from each slide whprssible, each containing a region of
about 1 mm Image locations were selected using a random sugdnerator, excluding

areas of high curvature which have been shownfeztatell distribution (Chance et al.,
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2004). As minicolumns are clearest in layer lllpfdgraphs were centred on that layer
and obtained through a 4x objective lens, with dmnfpus BX40 microscope. A semi-
automated computerised method is used to measpeetasof minicolumn structure.
Layer Il is first manually defined on the photoghaand analysis confined to this layer.
The software then distinguishes between the stagedld and unstained background,
applying a threshold to remove small fragmentsnoise’. This allows identification of
the neurons comprising the core of the minicolurand therefore the centre-to-centre
spacing of the minicolumns can be calculated (nu@t&ils can be found in Casanova
and Switala (2005); Di Rosa et al. (2009) and Chaetcal. (2004)). Values calculated

from the four photographs were averaged to givieglesvalue for each region.

AV

Figure 3.3. Example image from ASD primary auditooytex used for minicolumn analysis with cortical
layers labelled.
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Axon Bundle Measurements

The method for measuring axon bundles was develapelddoptimised as part of the

project described in Chapters 4 and 5. In ordesttain axon bundle measurements for
this data set, | trained a student in the stairmng image analysis, and supervised the
collection of data. This data was then analysedgdimle the minicolumn data as part of

the following write-up.

For each region three photographs were obtainedighra 10x objective lens (resolution
1.10 m, although the resolution achieved with real datbbe lower due to the presence
of noise) with an Olympus BX40 microscope, centeedund layer V as the axon
bundles were clearest there. Areas of extreme tunevavere avoided where possible, as
was done for the minicolumn measurements. Measursnoé axonal bundle centre-to-
centre spacing, and the width of the bundles thBmsewere made manually in
Axiovision, using the in-built measurement toolgy(Fes 3.4, 3.5). The digital resolution

of the analysed images was 0.6¥pixel.

A sample line of standard length (590; determined by the size of the image view) was
drawn across the centre of the photograph, perpeladito the bundle direction in order
to identify the bundles to be measured. Only bundlgersecting this line were
measured, those that passed out of the plane tibrsiag above or below the line were
not included. Single axons or pairs of axons cragshe line were not considered to
constitute axon bundles for the purposes of thalysis. Bundles ( >2 axons) were

identified and their centres marked (Figure 3.5).

Bundle spacing measurements were then made froetitee of each bundle marked in
this way to the centre of the adjacent bundle,albbundles intersecting this line. The

width of each axon bundle was also measured. feowitith measurements, the edges of
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200 pm 200 pm 100 pm

Figure 3.4. Sudan black stained section illustgaijrcortical layers, ii) tissue type and iii) measments of
axonal bundle width (a) and axonal bundle spadingas indicated by the white arrows.

Figure 3.5. Example of axon bundles marked ondference line
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the bundles were marked at the point where thegrsatted the line, and the bundle
width was determined as the distance between thes@oints. Edges of axon bundles
were distinguished by the change in intensity afinshg from the background, which
identified the start of the more darkly stained raxmundle. Pilot data revealed high
reliability of this method when comparing measuraetaef the same photographs made
on different occasions (for bundle width 1ICC=0.8§i50.001; for bundle spacing
ICC=0.98, p<0.001). The values from the three pip@iphs were then averaged to give a

single value for bundle spacing and a single viduéundle width for each ROI.

Statistical analysis

All data were analysed using SPSS v19 for Windows.

Repeated measures ANOVAs with cortical region as whthin subjects factor and
diagnosis as the between subjects factor were wgethvestigate differences in
minicolumnar width, axon bundle width and axon Hendpacing. The effect of

including age and brain weight as covariates wss ialvestigated.

Group differences in age and brain weight were stigated using independent samples

t-tests. Pearson’s correlation coefficient was usddvestigate correlations.

Throughout the results section, statistical sigaifice will be indicated by * for

uncorrected p<0.05; and ** for uncorrected p<0.01.
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Results

Minicolumn Data

Regional and Diagnostic Differences

A repeated measures ANOVA with cortical region hs within subjects factor and
diagnosis as the between subjects factor reveasgghdicant effect of region (F(3,84)=
17.417, p<0.001), as well as a significant effdatliagnosis (F(1,28)= 8.098, p=0.008),

with wider minicolumns being found in ASD (Table}B.

As can be seen from Table 3.1, minicolumn measumesrfer the PT were not available
for all cases, so this analysis was repeated with RT excluded. This revealed a
significant effect of region (F(2,82)= 33.912, p3@1) and a trend towards an effect of

diagnosis, although this did not reach significafi@,41)= 3.325, p=0.076).

Post-hoc investigation of the effect of diagnogigealed wider minicolumns in ASD in
all regions, with significant differences observedBA11l (1(28)=2.942, p=0.006) and PT
(t(28)=3.144, p=0.004) and a trend towards a difiee in BA41 (1(28)=1.846, p=0.076)
(Bonferroni corrected significance level for 6 #<1.008) (Table 3.3). Post-hoc
investigation of the effect of region found sigo#nt differences between all pairs of
regions (all p<0.008) except BA11 and PT (Figu®).3Including brain weight and age
as correlates in the model reduced the effect oficad region (possibly due to a
significant interaction between cortical region dvdin weight, F(2.007,42.151)=3.470,
p=0.040) though there was still a significant efffexf diagnosis (F(1,21)=6.957,

p=0.015).
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Diagnosis Minicolumn Width (um)
BA11 BA40 BA41 PT
ASD 34.8 (3.7) 36.2 (5.1) 32.1(3.2) 35.6 (2.9)
Controls 32.5(2.7) 35.1 (3.6) 30.4 (3.1) 32.6)3.1

Table 3.3. Mean (and standard deviation) for milico widths in each cortical region for ASD and
control cases.
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Figure 3.6 Average minicolumn width for ASD and troh cases for each cortical region. Error bars
indicate the standard error of the mean.

Although the finding of no interaction between diagis and cortical region suggests a
similar pattern of regional differences in both A%IDd controls, given our a priori
interest in whether regional differentiation iseatiated in ASD, we addressed this
guestion explicitly by conducting this analysis each group separately. A repeated
measures ANOVA, with cortical region as the withsmbjects factor, revealed a
significant main effect of cortical region for bo&SD (F(3,39)=5.486, p=0.003) and

control (F(3,45)=18.615, p<0.001) groups separatebst- hoc analysis of the effect of
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Figure 3.7. Regional differences in minicolumn widibr a) ASD and b) control cases separately.
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region revealed that while significant differencesre seen in controls between all
regions (all p<0.03), except PT and BA11 (p=0.5(B)nferroni corrected significance
level for 6 tests=0.008), the ASD group showededéhces only between BA41 and all
other cortical regions (all p<0.02) (Bonferroni @mted significance level for 6

tests=0.008) (Figure 3.7).

Relationship with demographic measures

No differences were seen between diagnostic grdapsither age or overall brain
weight (p>0.05), although brain weight was not klde for all cases. In order to
investigate relationships with demographic measwesaverage minicolumn width was
calculated for each case by averaging the differegional values. Although this is not
ideal as regional differences were seen in minmolwidth, an average value was used
in order to minimise the number of comparisons cated. In addition, as was shown
above, regional differentiation follows a similaatfern in both ASD and control groups.
Two averages were calculated; one over BA11l, BAdd BA41, and one over BA1l,

BA40, BA41 and PT for those cases for which a véud®T was available.

A trend towards a negative correlation was obsebetdieen minicolumn width and age
for ASD (excluding PT r= -0.417, p=0.054, Figure8a&. including PT r= -0.509,
p=0.063, Figure 3.8c, 3.9), but this was less euider control cases when PT was
included (r=-0.456, p=0.088, Figure 3.8d, 3.9) ahdent when PT was excluded (r=-
0.254, p=0.281, Figure 3.8b). When regions weresiciened individually no significant
correlations were observed between minicolumn wiltkh age (all p>0.09) although

controls showed a trend towards a negative relgiipnn BA40 (r=-0.387, p=0.056).
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Figure 3.9. Least squares regression lines fordtagionship between average minicolumn widths s&ro
BA11, BA40 and BA41 and age for ASD and controlesas

Conducting a similar analysis on relationships Ileetw total brain weight and
minicolumn width in ASD revealed a significant pos relationship when PT was
excluded (r=0.624, p=0.007), although this no lengached significance when PT was
included (r=0.536, p=0.073) (Figure 3.10). Invesatign of the individual regions showed
this relationship to be primarily driven by a sifigant positive relationship in ASD in
BA11 only (r=0.564, p=0.008; all other p>0.1). Ngrsficant relationships were seen in

controls (all p>0.2).
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Figure 3.10. Relationship between minicolumn wialtd brain weight in ASD only.

Investigation of the relationship between measwfeautism severity (ADI subscores)
and measures of minicolumn width and overall bragight revealed no relationships

(all p>0.1).

Axon Bundle Data

Regional and Diagnostic Differences

A repeated measures ANOVA with cortical region s within subjects factor and
diagnosis as the between subjects factor foungrafisiant main effect of region on axon
bundle width (F(3,69)=7.17, p<0.001). Repeating #malysis for axon bundle spacing

revealed no significant effects (Table 3.4).
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As axon bundle data was not available for the RTafbcases (Table 3.1) the analysis

was repeated with the PT excluded. No significdieices were observed for either axon

bundle width or axon bundle spacing.

Post-hoc investigation of the effect of corticagioe found that axon bundle widths in

PT were significantly smaller than in all otherigets (Figure 3.11). Inclusion of age and

brain weight as covariates removed the effect gforg but this may be due to the

presence of an interaction between age and coragain (F(3,57)=2.98, p=0.039).

Diagnosis Axon Bundle Spacing (um) Axon Bundle Width (um)
BA1l | BA40 | BA41 PT BAll BA40| BA41 PT
ASD 54.1 56.0 53.3 54.0 7.1 7.4 6.8 59
Controls 52.1 57.0 55.6 54.7 7.1 7.4 6.9 6.2

Table 3.4. Average axon bundle width and spacirepith cortical region for ASD and control cases.

o
1

Axon Bundle Width (Microns)
4

X %

BA40
Cortical Region

BA41

Figure 3.11. Average axon bundle widths for eaatica region. Error bars indicate the standardreof

the mean.
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Relationship with demographic measures

As for the minicolumn measurements, two averages wa&lculated for both axon bundle
width and axon bundle spacing, one over BA11l, BAdAd BA41, and one over BAll,
BA40, BA41 and PT for those cases for which a valt®T was available. For axon
bundle spacing, a positive correlation with age wlaserved in controls, only when PT
was included (r=0.594, p=0.042; excluding PT r=6,30=0.250). This relationship was
absent in ASD cases (excluding PT r=0.230, p=0.429uding PT r=0.378, p=0.203)
(Figure 3.12a). In contrast, ASD cases showed rafsignt positive correlation between
axon bundle width and age (excluding PT r=0.6880.989; including PT r=0.650,
p=0.012) which was absent in controls (excluding rR0.389, p=0.211; including PT
r=0.381, p=0.145) (Figure 3.12b). No correlationsrevseen between aspects of axon

bundle structure and total brain weight (all p>0.17
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Figure 3.12. Least squares regression lines forela¢tionship between age and a) axon bundle spacrid
b) axon bundle width.
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Investigation of age effects

In order to investigate whether the diagnostic edldhces were more pronounced in
adulthood than childhood, as suggested by Buxhaaved al. (2006), the cases in the
present study were split into two groups: thosed® below, and those over 16. 16 was
chosen as the cut-off point as Courchesne et @l1(2) found increased neuron numbers

in children with ASD up to and including 16 yeafsage

A repeated measures ANOVA looking at minicolumn tWjdvith cortical region as the

within subjects factor and diagnosis and age graspthe between subjects factors
revealed a significant effect of region (F(2.21384)=15.911, p<0.001) and diagnosis
(F(1,26)=7.856, p=0.009), as well as a trend towasmh effect of age group

(F(1,26)=3.807, p=0.062) (Figures 3.13, 3.14). tast analysis of these effects revealed
significant differences between all pairs of regigBA1l and BA40: p=0.019, all other

p<0.006; Bonferroni corrected significance level Gotests=0.008) except BA11 and PT
(p=0.140). Wider minicolumns were found in ASD @sempared to controls, and those
16 and below compared to those over 16. However atpe effect seemed to be largely
driven by several elderly cases, as when thoseestsbaged over 60 were removed, this

effect no longer reached significance.
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Figure 3.14 Diagnostic differences in minicolumrdthi by region in a) subjects aged 16 and underband
subjects aged over 16. Error bars indicate thedstaherror of the mean.

Age effects on axon bundle width were investigatsthg a repeated measures ANOVA
with cortical region as the within subjects factord diagnosis and age group as the
between subjects factor. A significant effect ofthoaortical region (F(3,63)=7.66,

p<0.001) and age group (F(1,21)=19.02, p<0.001hgaMith a significant interaction
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between cortical region and age group (F(3,63)53068.018) and a trend towards an
interaction between diagnosis and age group (F2431, p=0.050) were seen. No

significant effects were seen for axon bundle sgaci

Post-hoc investigation of the main effects reveaiguificantly narrower axon bundles
in PT compared to all other regions (all p<0.006nf&rroni corrected significance level
for 6 tests=0.008), and narrower axon bundlesasahl6 and under (p<0.001). Post-hoc
investigation of the interaction between cortioagion and age revealed that although
narrower axon bundles were seen in the young amgpgor BA40, BA41 and PT, this

did not seem to be the case in BA11 (Figure 3.15).
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Figure 3.15. Average axon bundle width for yound ald groups in each cortical region. Error bars
represent the standard error of the mean.

Post-hoc investigation of the interaction betwe&ygulosis and age group revealed an
interesting pattern where axon bundle widths seerbet larger in ASD cases in the
younger age group (Figure 3.16a), but larger incwtrol cases in the older age group

(Figure 3.16b).
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Figure 3.16. Diagnostic differences in axon burwdidth for each cortical region in a) cases ageanid
under and b) cases aged over 16. Error bars iedicatstandard error of the mean.

Comparison with Previous Work

As the present study finds wider minicolumns, rattiean the previously reported
narrower minicolumns, in ASD, it is important taa@sish that this is not just an artefact

of differing methodology.

Components of Minicolumn Investigated

Previous studies have reported differences in tiokhvwof the minicolumn, column core
(the part of the column containing 90% of the dmHdies) and/or neuropil space (the
difference between the centre-to-centre width ane width of the column core)
(Casanova et al., 2002b; Casanova et al., 2006égr©=a et al., 2010). The possibility
of wider neuropil space giving rise to greater ealuor minicolumn width in the
presence of unchanged or even decreased core valtles present study was therefore
investigated. Similar results were found with angiigant effect of region seen for both

neuropil space (F(3,84)=3.772, p=0.014) and colwore (F(3,84)=14.421, p<0.001).
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Significantly wider column cores were seen in AFID1(28)=8.563, p=0.007) along with

a trend towards greater neuropil spacing (F(1,288& p=0.056).

Statistical Model Used

By employing a repeated measures design with sisbosely matched for age, the
results of Casanova et al (Casanova et al., 2@@&sanova et al., 2002b; Casanova et al.,
2002c; Casanova et al., 2010; Casanova et al. 22008y have been less affected by the
seemingly different relationships between minicalumidth and age seen for ASD and
control cases in the present data. In order tdy#rat including diagnosis as a between
subjects factor, rather than using a repeated memslesign did not affect the results
obtained, a subset of cases for which ASD-contamispwere matched for age to within
one year were identified. This resulted in 18 paihéch were analysed using a matched
pairs repeated measures approach. This confirnstatiatical trend towards an effect of
diagnosis (F(1,9)=3.971, p=0.077), larger valuesrimicolumn width were still seen in
ASD cases suggesting that the differences due &bysisa model are minimal. The
reduced significance found in the present resulterwemploying a matched pairs
repeated measures approach may have been partlp doe reduced numbers included

in the analysis.

Age

It may be possible that wider minicolumns were fbun the present study due to a
difference in the distribution of ages represerietiveen studies. Indeed a greater age
range of cases was included in the present stu@g)4han in previous studies finding

narrower minicolumns in ASD (Table 3.5).
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Study Number of Cases Age Range
(ASD; controls) | (ASD; controls)

Casanovaetal.| 9;9 5-28 ; 3-25

(2002b}

Casanovaetal.| 9;9 5-28 ; 3-25

(2002c}

Casanovaetal.| 6; 6 4-24; 4-25

(2006aY

Casanovaetal.| 6; 6 4-24; 4-25

(2006b¥

Casanovaetal.| 7; 7 4-67; 4-65

(2010y}

Buxhoeveden et 2; 5 3-41; 2-75

al. (2006)

Present study | 28; 25 4.5-60; 4-88

Table 3.5. Age ranges of subjects included in mevistudies

aThese studies use the same cases

b These studies use the same cases

¢ This study uses the 6 matched pairs from the @asaat al. (2006a); Casanova et al. (2006b) studies
with the addition of one older pair.

The data from the studies by Casanova et al. (9086d Casanova et al. (2006b) is
available through the ATP portal (atpportal.orghefefore, this data was analysed
alongside the data from the current study to ingat¢ age related variation in the
magnitude of difference in minicolumnar measuresvben ASD cases and controls. In
order to do so a subset of cases from the presasy svhich could be age matched to
within one year of each other were chosen. Thewdiffce in both minicolumn width and

neuropil space between each matched ASD and carasel was then calculated for the
subset of cases from the present study as webirabié cases provided in the data from
Casanova et al. (2006a) and Casanova et al. (200&t@se differences were then
converted to z-scores to allow comparison betwéendifferent studies (Figures 3.18,
3.19). The data in the present study seems to &uger differences in favour of wider

minicolumns in ASD at younger ages, but very littiéference at older ages (Figure
3.18c). A similar pattern of results is seen in tlega from Casanova et al. (2006b)

(Figure 3.18b).
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Figure 3.18. Difference in minicolumn width betweASD and control cases across the age range. \Rosiilues indicate wider minicolumns in ASD. Datani a)
Casanova et al. (2006a), b) Casanova et al. (20@@by) the present study
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Investigation of how z-score changes with age redesignificant correlations between
age and the z-score for difference in minicolumdtvibetween ASD and control cases,
in BA10 (r=-0.829, p=0.042), BA24 (r=-0.914, p=010land BA3 (r=-0.906, p=0.013)
with a trend towards a relationship in BA44 (r=467 p=0.088), in the data from
Casanova et al. (2006b). In the subset of data tfepresent study there was a trend
towards a relationship between age and z-scoreliftarence in minicolumn width in
BA41(r=-0.445, p=0.084), supporting the indicatmfrage related variation in diagnostic

differences seen in the full data set.

Choice of Laminae for Measurement

Previous studies investigating minicolumnar widtavé either focused on layer Il

(Buxhoeveden et al., 2006; Casanova et al., 2002kanova et al., 2002c) or analysed
minicolumn width across laters Il to VI (Casanovak, 2006a; Casanova et al., 2010;
Casanova et al., 2006b). Casanova et al. (201, study of ASD and control cases,
found a significant effect of lamina on width oftiminicolumn core and an interaction
between diagnosis and lamina, suggesting thataper lin which measurements were
made may affect the results, and may have a diffale=ffect in ASD and control cases.

In order to investigate whether this could havetgbuated to the different findings of the

present study analysis of the data from Casanoah €2006b) was repeated, restricting
the analysis to measurements from layer Il onlglf€ 3.6). Consistent with the analysis
employed in the original study a matched pairseatpd measures ANOVA was used,
with diagnosis and cortical region as within sulgdactors. No main effect of diagnosis

was found (F(1,10.7)=2.134, p=0.204), nor an imdkoa between region and diagnosis
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BA3 BA4 BA9 BAL0 BA11 BA17 BA24 BA43 BA44
N ASD 21.6 22.9 21.7 22.4 22.0 18.8 23.8 23.5 23.4
Minicolumn
Width (um) | CTL 21.8 23.8 23.8 23.5 23.4 20.1 24.8 25.2 24.4
. ASD 10.7 11.6 10.9 11.7 11.0 9.3 11.8 11.8 11.9
Neuropil
Space (um) | CTL 11.0 12.1 11.9 11.6 12.0 9.4 11.8 12.7 12.4

Table 3.6. Average values calculated from the ftata Casanova et al. (2006b) in layer Il only.
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(F(2.1,10.7)=0.392, p=0.698), although a significarain effect of region was present

(F(2.6,10.7)=19.378, p<0.001).

Tissue Processing

There were several differences in tissue prepardtietween studies both in terms of

tissue processing and section thickness (Table 3.7)

Study Tissue Preparation|  Section Thickness (um)

Casanova et al. (2002b) Celloidin embedded 35

Casanova et al. (2002c) Celloidin embedded 35

Casanova et al. (2006a) Celloidin embedded 20@dthemispheres cut at 500)

Casanova et al. (2006b) Celloidin embedded 20@éthemispheres cut at 500)

Buxhoeveden et al. Two controls Paraffin cases = 20
(2006) paraffin embedded,| Frozen cases = 80
rest frozen

Casanova et al. (2010) Celloidin embedded 200 6r 50

Present study Frozen 30

Table 3.7. Tissue preparation methods and sedtiokrtesses used in minicolumn studies of ASD.

As was shown in the previous chapter, section tiesk is known to affect estimates of
minicolumn width, with smaller values being obtainffom thicker sections. In their

studies using 200-500um sections, Casanova egakdhat the depth of field analysed
was only 2.1um, and as this is only a small fracob the slice thickness, differences in
slice thickness would not confound the results &basa et al., 2006a). However,
comparing the average minicolumn widths found f@DAand control cases from their
35um sections (Casanova et al., 2002b) with thegerted from the 200-500um sections
reveals very different numbers (Table 3.8). In &ddj the values from ASD and control
cases do not seem to have been affected by theaamet, with the difference in mean
minicolumn widths between diagnoses expressed aperaentage of the mean
minicolumn width across diagnoses falling from B2®0in the 35um sections to 5.88%

in the 200-500um sections (Table 3.8).
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Minicolumn Width (um)

Study S_ection Difference | ASD value
Thickness | ASD | CTL as % of as % of
mean value| CTL value
Casanova et al. (2002b) 35um 46.8 5P.8 12.1] 88.6
Casanova et al. (2006a 200-500ym 2b.7 27.2 5.6 6 94.
200-500um value as 549| 515
percentage of 35um value

Table 3.8. Comparison of average minicolumn widfband in two studies by Casanova’'s group
(Casanova et al., 2006a; Casanova et al., 2002b).

Cortical Reqion Investigated

As BALll is the only region to have been looked athhin the present and previous
studies, a more in-depth analysis of the data i@asanova et al. (2006b) for this region
was conducted. Although minicolumn width was nosatwed to differ significantly
between ASD and control cases in BAll, values wereaverage lower in ASD
compared to controls (22.0um vs. 23.4um). As thgiral analysis involved treating the
cases as matched pairs (Casanova et al., 2006ébjjfterences between pairs for BA11
were also examined, and although two pairs showgitehvalues in the ASD cases, the
remaining pairs showed higher values in the comtaskes (although pair 3 seems to be an

outlier) (Figure 3.20).

Difference in Minicolumn Width (Microns)

-0 T T T T T T
1 2 3 4 5 6

Pair
Figure 3.20. Differences in minicolumn width in BAfor the matched pairs studied by Casanova et al.
(2006b). Positive values indicate wider minicolunm&SD.

134



Study BA3 BA4 BALL BA9 BAL0 BA44 BAL7 BA40 BA4L PT BA43 R4

ASD | CTL | ASD| CTL| ASD | CTL| ASD| CTL| ASD| CTL| ASD] CTL| ASD CTL | ASD| CTL| ASD | CTL| ASD | CTL| ASD| CTL| ASD| CITL

Minicolumn Width (um)
Casanova et 4
ol 006w | 258 | 27.0| 275 282 265 29 230 241
Buxhoeveden 402 | 46.9 ASD = 42.0; CTL = 478 315 | 327 493 504
et al. (2006)
Postmortem " J
scanning 38.9¢| 3238 241 24
Present study 348+| 325 364 351 3201 3014 35l6* .32
Core Width (um)
Casanova et 4 L
ol iy | 95 | 125| 95| 1258 9| 115 8§ 12 95 1 13 9. 12 9 13| 10| 115
Post-mortem 300| 26.8 2194 217
scanning
Present study 271 | 257 282 274 258 246 277 526
Neuropil Space (um)

Casanovaet| 144 | 199| 119| 114 115 120 11l 119 117+ 11220 | 127| 91| 98 121 128 124 11
al. (2006b)
Postmortem 89 | 59 21| 28
scanning
Present study 77 | 67 go| 77 63 58 79 6p

Table 3.9. Average values for minicolumn width,ec@ridth and neuropil space in all cortical regiemamined to date. * indicates statistically sigrafit differences
between ASD and control groups (p<0.05).
aValues calculated from the figure provided in piaper.
bNo pairwise comparisons reported in the paper $esssstatistical differences between diagnoseswithitical regions.
¢ No pairwise comparisons reported. A significaféetf of diagnosis was seen for frontal regionsrmitBA17.
dValue provided for dorsal frontal cortex
fValue provided for orbitalfrontal cortex

9 Value provided for mesial frontal cortex
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Discussion

In contrast to previous findings (Buxhoeveden ef 2006; Casanova et al., 2006a;
Casanova et al., 2002b; Casanova et al.,, 2006lg), ctirrent study finds wider
minicolumns in ASD. This does not appear to beriatet to higher order association
areas which has important implications for undeditag how processing may be altered
in ASD. This is the largest study to date and idekicases across a wide age range,

providing some evidence of an altered developmerdgdctory in ASD.

Diagnostic differences

It is not clear why the results of the present gtdififer from those of several previous
studies, although the other studies mostly investidy different brain regions on
substantially smaller sample sizes (see sectiostody comparisons below). Yet the
present findings are not incompatible with the dieyditerature. A number of studies and
theories (Happé and Frith (2006); Mottron et al0@) and Plaisted (2001)) support the
idea of a bias towards a local, rather than glgha@cessing style in ASD. This suggests
that when presented with a stimulus the featuresthat stimulus are processed
individually rather than holistically as typicallgeen in controls. Wider spacing of
minicolumns, as in the present study, has been showesult in less overlap of the
dendritic trees associated with the constituentoreu(Seldon, 1981a). This in turn has
been suggested to result in less co-activation efihibouring minicolumns allowing
them to function more independently and so fatditthe processing of individual
features as seen in ASD (Chance et al., 2012; Haeasl., 2003). In contrast, narrower
minicolumns are more likely to be co-activated aadfacilitate holistic processing of
stimuli. There is evidence from the neuroimagingréiture to support this, magnetic

resonance imaging studies have reported alteraitogiey matter brain chemistry which
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are consistent with a reduced number or densitgesidrites (Friedman et al., 2006;
Friedman et al., 2003), which may reflect the réidacin dendritic density resulting
from wider spacing of the same amount of dendriteaould be interesting for future
work to investigate this further in ASD to obtaiistblogical evidence of whether there

are less overlapping dendritic trees resulting fthenwider spacing of minicolumns.

Due in part to genetic findings, and also to thplaxatory power of such a model for
other aspects of autism, increasing attention isgopaid to models suggesting there is
disruption of the excitation-inhibition ratio in A5 (Pizzarelli and Cherubini, 2011,
Polleux and Lauder, 2004; Rubenstein and Merzer2@f3). An increase in the ratio of
excitation compared to inhibition has been propaseexplain a number of features of
ASD (Rubenstein and Merzenich, 2003) although, sgeshmost convincingly, it provides
an explanation for the high co-morbidity betweenDA&nd epilepsy (Polleux and
Lauder, 2004). Importantly for the findings of therrent study, computational models
investigating the development of cortical minicohsn suggest that decreases in
inhibitory strength will bias towards the formatiof wider minicolumns (Gustafsson,

1997; Gustafsson, 2004).

Although findings concerning neuronal densitieAfBD have been mixed (Courchesne
et al., 2011b; Oblak et al., 2011; van Kooten gt28108), these have largely investigated
different cortical regions from those examined ke tpresent study (although one
magnetic resonance spectroscopy study reported lewels of N-acetylaspartate (NAA)
in BA41 in ASD, which they argued was consisterthvé low density of neurons in this
area (Hisaoka et al.,, 2001)). In addition, studé&samining neuronal density do not
discriminate between the radial and tangential isgaof the cells. If we consider a
minicolumn to be defined as one cell wide (Casarewéh Switala, 2005; Peters, 2010;
Seldon, 1981a) and measuring minicolumn width hytreeto-centre spacing of the cell
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bodies (and so including the neuropil space, as e in the present study), an
increase in minicolumn width would be expectedesult in a decrease in cell density in
the horizontal direction (i.e. the direction pagélto the cortical surface). However,
measures of minicolumn width do not indicate whetheuronal density is changed in
the radial (i.e. vertical) direction. It is possthat even in the presence of decreased
horizontal density, this could be counterbalanaadeven outweighed by increases in
radial neuronal density. It has been shown thairttiease in horizontal spacing of cells
in lower layers of the cortex (IV-VI) in concavegriens (i.e. at the fundi of sulci) is
accompanied by a thinning of these lower layersl so a reduction in the vertical
spacing of cells, resulting in very little change averall cell density (Chance et al.,
2004).Therefore, changes in minicolumn width may necessarily be reflected by

changes in neuronal density.

This is the first study to examine aspects of akandle organisation in the cortex in
ASD, however these axon bundles ultimately enterwihite matter below the cortex,
which has been investigated in ASD in several stdHerbert et al., 2004; Zikopoulos
and Barbas, 2010). Although it is perhaps surpgisivat we did not find any diagnostic
differences in axon bundle spacing this is conststgth data finding no difference (in
ASD compared to controls) in axon density in thatevimatter immediately underlying
the cortex (Zikopoulos and Barbas, 2010). An adddl, future study, preferably with
electron microscopy, would be required to determiviech parameters of the axon
bundles were altered to give rise to narrower akandles (e.g. changes in axonal
density, changes in the number of axons or changdke size of individual axons,
changes in myelination). However, it is interestthgt Zikopoulos and Barbas (2010)
found region specific reductions in the number agé axons and an increase in the

number of small axons in adult ASD cases. This sstgythat there may be a shift
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towards smaller axons in ASD which could in turadeto narrower axonal bundles.
Smaller axons mediate short range connections poiklos and Barbas, 2013) and a bias
towards smaller axons is compatible with evidengggesting a reduction in long range
connectivity while short range connectivity is mesed or even increased (Courchesne
and Pierce, 2005). It would be interesting for fatwork to investigate whether this is
also true in the white matter underlying the regiexamined in the present study, and
whether reduced axon diameter is seen in narroxar bundles. In contrast, the finding
of wider axon bundles in ASD in the younger ageugrsuggests either enlargement of
individual axons or increased numbers of axonsreb®ed numbers of small axons
mediating connections between neighbouring areasldviead to an increase in the
volume of white matter immediately underlying tleetex, which is the part of the white

matter which has been found to show enlargemerdarit ages (Herbert et al., 2004).

Age

The findings of the present study suggest an eftdctage on the difference in
minicolumn width between ASD and control cases.ighificant negative correlation is
seen between minicolumn width and age for ASD sibjeut not in controls (Figure
3.19). Although there is only one ASD case thatexis the age of predicted intersection
of the best fit lines, there seems to be a trendnioicolumn widths in ASD and controls

to become more similar with age.

In addition, when the cases are split accordintpése over 16 and those 16 and below,
differences in minicolumn width appear more prormathin the younger age group
(Figure 3.13), although this does not reach sigaifce in this study. Similarly, when a
subset of cases was chosen to conduct a matchesl galysis, the differences in

minicolumn width again seemed more pronounced ainger ages (Figure 3.18c).
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Although a similar pattern was not observed in diaga from Casanova’s 2006a study
(Casanova et al., 2006a), it was seen in their R0§i6dy (Casanova et al.,, 2006b)
(Figure 3.18a, and 3.18b) this could be due tordgeons investigated as the present

study has only BA11 in common with those studies.

This pattern of larger differences at younger agesms to fit with the whole brain
volume data in ASD, which shows larger brains inDA&t young ages but that this

difference disappears in adulthood (Courchesné,ét(dl1a) (Figure 3.17).

However, in contrast to the total brain volume dathere diagnostic differences
disappear largely due to controls ‘catching upg tlagnostic differences in minicolumn
width appear to reduce through reduction of miniomhar width with age in ASD cases
only. Increased minicolumnar width could contribtdehe increases seen in grey matter
at early ages, particularly those seen in totafaser area (Mak-Fan et al., 2012)
(although there is clearly also a large white nmatttribution to the total brain volume
increases seen (Herbert et al., 2004)). One retedy found larger brain surface areas in
young children with ASD which decreased with agéluhreached a similar value to
that seen in controls at around age 9 (Mak-Fanl.et2812). Although we still see
differences in minicolumnar width at later agesntithis, Mak-Fan et al. (2012) found
that some regions were still showing increasesiifase area in ASD at later ages. The
results were only reported at a lobar level, meanwe cannot tell whether the specific
age range over which surface area enlargementsearecorresponds to that over which
wider minicolumns are seen in certain regions. Haxethe pattern of higher values in
ASD which then decrease with age, becoming moréasitoe the values seen in controls,
is similar to the pattern we observe in the minicoh data. Increased minicolumn width

in ASD may bias towards a local processing stylealy ages, such that, although
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diagnostic differences in total brain volume, aatét minicolumn width, diminish with

age, the bias in processing style has already éstablished.

Arrested Possible
Overgrowth Growth Decline/Degeneration

NORMAL

Brain Size

Age
Figure 3.17. Relationship between age and totahlw@ume (from Courchesne et al. (2011a))

Reqional differences

The present study found regional differences i boinicolumn width and axon bundle
width, with BA40 showing the widest minicolumns asbn bundles and BA41showing
the narrowest. This is consistent with previousoreppthat minicolumn width relates to
cortical hierarchy, with the narrowest minicolunb®sng seen in primary sensory regions
(in this case BA41) and the widest minicolumns beseen in heteromodal sensory
regions (of which BA40 is an example) (Chance, 208&hough it is well established
that cortical regions differ in their myeloarchite® as well as cytoarchitecture
(DeFelipe, 2005), the former has generally beerrlooked in the literature and so
regional differences are not well characterisede ®he study that has investigated axon
bundle width in BA41 found slightly higher valudsah those found in the present study

(Seldon, 1981b), although that may reflect diffeesin tissue processing (celloidin
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embedded in Seldon (1981b) vs. frozen tissue iptasent study) or the wider age range
included in the present study (5-50 years in tles@mt study vs. 74-89 years in Seldon).
It is consistent that the areas showing the widasicolumns also showed the widest

axon bundles and vice versa. It is not possibleguthis current technique to separate out
the different contributions of increases in indivadl axon width, number of axons and

axon density to increases in axon bundle width. elew, it is possible that if there were

an increase in individual axon width this would decompanied by an increase in

neuronal size (Vinters and Kleinschmidt-DeMaste2§08) both of which would

therefore contribute to an increase in minicolumati

Given recent findings from both genetic and imagistudies suggesting less
differentiation between cortical regions in ASD {Neagu et al 2011, Ziats and Rennert
2013, Minshew and Keller 2010) it is notable thHas tdoes not seem to be reflected in
the minicolumn data. The present study found aifsigmt main effect of region, but no
interaction between region and diagnosis, sugggsti@ pattern of regional differences is
not different between ASD cases and controls, agtnal differentiation is preserved in
ASD. Although the previous studies compared somkerdnt regions to those
investigated here (Voineagu et al (2011) comparé® Rith BA41/42 and Ziats and
Rennert (2013) compared prefrontal cortex with lsellam) previous minicolumn
studies looking at these regions also found noracteon between cortical region and
diagnosis (Casanova et al., 2006a; Casanova €t0812b). However, previous findings
have found the attenuation of gene expression lis smen between some areas and not
others (Ginsberg et al., 2013; Voineagu et al. 12@lats and Rennert, 2013), suggesting
that attenuation of regional differences in minicoh width may occur in ASD but may

be more pronounced in regions of cortex not covesethe present study.
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Although the present study found a significant &figf region for both ASD and control

cases considered individually, post-hoc testingeadad fewer regional differences in
ASD than in controls, suggesting that cortical efdintiation is not absent, but may be
attenuated. The present study considered this satheslifespan, however, and did not
investigate this at different age points. It is Wwmothat controls show a reduction in
cortical differentiation with age, with higher ordassociation regions showing a
reduction in minicolumnar width after 65 years g@eawhich is not seen in primary

sensory regions (Chance et al., 2006). Additionalybjects with ASD are known to

show an altered developmental trajectory, with asspgwly accelerated onset of
degeneration (Courchesne et al., 2011a). Therefpwen the present data it is not
possible to distinguish between a scenario wher® AS characterised by reduced
cortical differentiation from childhood, and oneeavl ASD is characterised by an earlier
onset of reduction in minicolumn width, resulting apparently reduced cortical

differentiation when average minicolumn width isnsmlered across the age range.
Visual inspection of the data in Figure 3.13, hogrevseems to support the latter

explanation, although future studies should ingegé this formally.

Although the difference in minicolumn width is r&gnificant for all regions it does not
follow the pattern of differences being presentigher order’ associative regions rather
than primary sensory regions as suggested by Bueldea et al. (2006). Although not
reaching statistical significance, BA41, a primaensory region, showed a trend towards
wider minicolumns in the present study. ConversBl#40, a heteromodal association
area, does not show a significant difference inicolnmn width between ASD cases and

controls.
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Comparison with Previous Work

Components of Minicolumn Investigated

Minicolumnar abnormalities in ASD were originallyported to affect both the centre-to-
centre minicolumn width and the neuropil componehtthat distance specifically
(Casanova et al., 2002b). Neuropil space is cakdlby finding the difference between
the centre-to-centre width and the width of theuowh core. The column core is the part
of the column that contains 90% of the cell bod@asanova et al., 2002b). Although the
original study reported differences in both minwoh width and neuropil space
(Casanova et al., 2002b), other studies have mpatifferences in just width of the
column core (Casanova et al., 2010) or neuroptsg@&asanova et al., 2006b). Although
most findings have been of reductions in widthh&f minicolumn components, Casanova
et al. (2006b) found the neuropil space componerst significantlygreater in ASD than
control cases in BA10 and BA24. The present stumynd wider column cores and
greater neuropil spacing in ASD, suggesting theedifice in the present study does not

reflect the decision to look specifically at onetmalar aspect of the minicolumn.

Age

Differences in minicolumn width have previously heeported to be more pronounced
in adults than children (Buxhoeveden et al., 2006Jact, in a study of one ASD and one
control child Buxhoeveden et al. (2006) reportedeximinicolumns in the mesial frontal

cortex in ASD (45.7um vs. 42.5um in the controle)as

In order to investigate the effect of age on thredion of difference found the results
from the present study were compared with the tesnbtained by Casanova et al.

(2006a) and Casanova et al. (2006b). Interestirigly,same direction of relationship is
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seen in both the data from Casanova et al. (20868)the data from the present study,
suggesting wider minicolumns in ASD at young admrs, that this difference reduces
with age. The difference between the studies thezefeems to result from the fact that
Casanova et al. (2006b) find wider minicolumns amtcols by around age 20, whereas
the present study finds little difference betweeaugs at that age. This may in part
reflect differences in cortical regions studied tl@s strongest relationships between age
and z-score for the difference in minicolumn widgththe Casanova et al. (2006b) data
are seen in regions not investigated in the prestemy (BA10, BA24 and BA3). In
addition, as can be seen from the data from theeptestudy, there is considerable
variation between cases, and so by including feases the Casanova et al. (2006b) data
may be skewed towards finding an earlier age athvkine relationship changes from

wider minicolumns in ASD to wider minicolumns inrdgools.

Choice of Laminae for Measurement

The present study measured minicolumn width inrldjeas minicolumns are clearest
there. Although analysis also focused on layetinisome of the first studies to report
reduced minicolumnar width (Buxhoeveden et al.,, @0Casanova et al., 2002b;
Casanova et al.,, 2002c), some of the later stualedysed minicolumn width across
layers 1l to VI (Casanova et al., 2006a; Casandval.e2010; Casanova et al., 2006b).
Casanova et al. (2010), in a study of ASD and cbictises, found a significant effect of
lamina on width of the minicolumn core and an iat#ion between diagnosis and
lamina, and, although not statistically significaiiitere was a tendency for minicolumn
width to increase with cortical depth in the datanf Casanova et al. (2006b). Although
no interaction between layer and diagnosis was dofam minicolumn width in the

Casanova et al. (2006b) data, analysis of the alat@ned through the ATP portal was
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repeated restricting the analysis to measurementa fayer Il only. As originally
reported in the paper, no main effect of diagness found, but average measures of
both minicolumn width and neuropil space were senafft ASD than control cases (with
the exception of neuropil space in BA10 and BAZ#alle 3.6). This suggests that
although differences in which layer measurements taken from may affect
comparability between studies, it is not respomsitdr the discrepancy between the

present findings and those of previous studies.

Tissue Processing

There were several differences in tissue preparabetween studies (Table 3.7),
something which has previously been shown to afééeinkage of tissue (Carlo and
Stevens, 2011; Dobrin, 1996; Gardella et al.,, 2083) so may affect estimates of
minicolumnar width. Studies by Casanova’s groupdussloidin embedding which, like
the freezing method used in the present studybbas shown to result in relatively little
shrinkage (Carlo and Stevens, 2011; Dorph-Petessah, 2001; Gardella et al., 2003).
In contrast, paraffin embedding has been shownesultr in considerable shrinkage,
particularly in the z dimension (Gardella et aDP3; Nielsen et al., 1995). The differing
fixation methods used in the study by Buxhoevedeal.g2006) (Table 3.7) may have
implications for comparisons within the study, tgbuhe results between studies using
frozen or celloidin embedded tissue should notedifjreatly, and there is certainly no

reason to expect ASD and control tissue to be reiffieally affected.

Although the different preparation methods shouldveh little impact on the
comparability of the present results with thosepaévious studies, the differences in
section thickness may have more of an impact. As steown in the previous chapter,

section thickness is known to affect estimates ificolumn width, with smaller values
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being obtained from thicker sections. This was &smd when looking at the data from
Casanova et al. (2002b) and Casanova et al. (2006aydition, the values from ASD
and control cases do not seem to have been affdptethe same amount (Table
3.8).Although these two studies looked at differenttical regions (Casanova et al.
(2002b) looked at BA21, BA22 and BA9 while Casanetal. (2006a) looked at BA3,
BA4, BA9 and BAL17), this still raises the possityilthat ASD and control tissue may be
differentially affected by either section thickness another aspect of the analysis
procedure. Although this would need to be inveséiddurther to determine whether this
is the case, it could potentially reflect undertyidifferences in minicolumn width

between ASD and controls.

Cortical Reqion Investigated

As can be seen from Table 3.9, there is considenradtiability in the cortical regions
investigated between the studies, with only BALlYimg been looked at both in the
present and previous studies. Although Buxhoevesteal. (2006) reported values of
minicolumn width, it is unclear exactly which areforbital frontal cortex they looked at
and so whether it would be expected to be comparaith the values obtained from
BA11. In contrast, studies from Casanova et al #6asga et al., 2010; Casanova et al.,
2006b) look at BA11l specifically, and, although ythdo not report measures of
minicolumn width in those papers, these can beutatied from the raw data. Analysis of
the data from Casanova et al. (2006b) failed teakwan entirely consistent pattern,

although overall minicolumns seemed to be narrow&SD.

Although this does not help to shed light on thespnt finding of wider minicolumns in

ASD in BAll, the fact that no previous studies haeoempared minicolumn width
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between ASD and control cases in BA40, BA41 or Rikes it difficult to say whether
there is a discrepancy between what is found irpteeent study and previous studies, or
whether ASD might in fact be characterised by aaboth increased and decreased

minicolumn width.

Conclusion

This is the largest study to date to investigateicolumn widths in ASD and finds that
contrary to previous reports, minicolumn widthrnisreased in some areas of the brain. In
addition both primary sensory and higher order ciatge areas seem to be affected,
though there does seem to be evidence for reduneitat differentiation which may
reflect an altered developmental trajectory. Althlodhis study was not formally able to
address the issue of age, the results suggestedhthalifferences between ASD and
control cases are more pronounced at earlier ageb this is something future work

should aim to investigate more fully.

The present finding of wider minicolumns has impattimplications for understanding
the neural basis of ASD, as this may be what igirtyi the bias towards a more local,
feature-oriented processing style. In order tonrtvalidate this conclusion, future work

should investigate the extent of overlap of derdtiees in these areas in ASD.
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Although histological examination of post-mortersstie forms the gold standard for
investigating the microstructure of the brain, tisi® destructive process and is severely
limited by the availability of tissue. This scaycibf post-mortem tissue is particularly
true of ASD and is compounded by the fact that ASDdentified on the basis of
behavioural criteria, and so cannot be diagnosddréddhese emerge, resulting in no
tissue being available for a pre-symptomatic stddee work described in this and the
following chapter represent the initial stages loé tlevelopment, and validation, of a
method for probing the microstructure of the corntesing magnetic resonance imaging
(MRYI), with the ultimate aim of this method beindagted for in-vivo use. It is suggested
that the columnar organisation, which was demotestréo be altered in ASD in the
previous chapter (Chapter 3), may contribute towdhe directional diffusion observed
in the cortex, and the present work aims to tes tuantitatively, and investigate
whether cortical diffusivity demonstrates the diagfic and regional sensitivity shown
by histological measures. Successful adaptatiothisf method for in-vivo use would
allow investigation of cortical microstructure iargler samples without the confounds
inherent in post-mortem studies (e.g. post-mortetarval), as well as opening up the
possibility of longitudinal studies and monitoringf individuals at high risk of

developing ASD in order to identify possible biokexs.

Due to the scarcity of post-mortem ASD brains, dlailability of previously acquired
scans from post-mortem multiple sclerosis braingd ahe possibility that the

demyelination occurring in multiple sclerosis mayoyde a wider range of both
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histological and MRI values making it easier toedgetrelationships, the method will be
optimised using a set of scans from multiple sdisrdrains before moving on the

investigate a smaller set of ASD and control brains

Introduction

Magnetic resonance imaging (MRI) is increasinglyedisto visualize the detailed
structure of the cerebral cortex (e.g. corticalelay (Barazany and Assaf, 2011,
Fatterpekar et al.,, 2002)). In particular, receiftugion tensor imaging (DTI) studies
have begun to investigate the diffusion signalaonex (Anwander et al., 2010; Cohen-
Adad et al., 2012; Hasan et al., 2007; Heidemarah. €2009; Jeon et al., 2012; Jespersen
et al., 2012; Kang et al., 2012; Kleinnijenhuisagét 2012; Leuze et al., 2011; Leuze et
al., 2012; McNab et al., 2013; Vrenken et al., 900khis is of interest as diffusion
metrics may be able to act as an in-vivo corretdteortical microstructure, allowing
more accurate differentiation of cortical regiomsl aletection of subtle microstructural
changes in development and pathology. Althoughusifin in cortex exhibits some
degree of fractional anisotropy (FA) (Anwander kf 2010; Heidemann et al., 2009),
mean diffusivity (MD) has initially been found te@ lmore promising for this purpose as
changes with age and pathology and differencesadmain regions have been detected
(Jeon et al., 2012). Several recent studies hawerstihat diffusion in the cortex is
largely radial (i.e., perpendicular to the cortisalface) (McNab et al., 2009) while also
showing regional variation (Anwander et al., 20K@ng et al., 2012; Kleinnijenhuis et
al., 2012; McNab et al., 2013) and this has beanodstrated to reflect the cortex’s
anisotropic cytoarchitecture (Jespersen et al.,22Qkuze et al., 2012). Diffusion
anisotropy in cortex has been characterised thraungasures monotonically related to

the angle between the principal diffusion direct{B®D) and the cortical surface normal
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(with smaller angles indicating a more tangenti®Dy. Such investigations have
revealed areas of consistently radial diffusiomiotor (Anwander et al., 2010; McNab et
al., 2013) and prefrontal (Anwander et al., 2010jtex, and mixed reports of either
tangential (McNab et al., 2013) or radial (Kangkt 2012) diffusion in other areas e.g.

Heschl's gyrus.

It has been suggested that this directional diffusnay arise from the organisation and
orientation of components of the cortical structureluding axons, dendrites and the
neurons themselves (Jespersen et al., 2012; Kaalg @012; McNab et al., 2013). The
diffusion signal within the cortex shows regionakiation (Anwander et al., 2010; Jeon
et al., 2012; Kang et al., 2012; McNab et al., 2GELR8jgesting that by investigation of the
cyto- and myelo-architecture, which also show reglovariation (DeFelipe, 2005; Von

Economo and Koskinas, 1925), we may begin to be tbshed light on the relationship

between cortical architecture and diffusion in ¢coetex.

Previous work has demonstrated almost identicatispebetween the axon bundles and
the minicolumns (Casanova et al., 2008) supportiregidea that both are measuring
different aspects of the same structure and suggettat the regional and pathology-
related variation observed in the cell body measerdgs should also be observable in
measurements of the axon bundles. Both componesrts agsessed in the present study.
In addition, the effect on MRI diffusion measureistioe width of the axon bundles
themselves was also examined. As FA and MD have Sleewn to be sensitive to levels
of myelin, at least in WM (Schmierer et al., 2008)yelin levels in the cortex were

measured in the present study.

No studies have yet reported on the quantitatilegiomships between radial diffusivity

in the cortex and minicolumn spacing, axon bundidthwor spacing. Although diffusion
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does not occur on a scale large enough to corestitdirect measure of these histological
structures, variation in these structures will etffthe proportion of water in different

local environments (e.g. intra-axonal and extrdutal) and so diffusion likely serves as
a proxy for variation in tissue properties at tiprapriate scale (Mori and Zhang (2006)
estimate that water molecules move t0during a typical MR measurement time). For
example, variations in axonal bundle width mayeeifldifferences in numbers or widths
of individual axons, either of which may affect tlaenount of myelination and/or

membranes present (Peters et al., 2001; Zikop@rdsBarbas, 2010). The full range of
factors influencing diffusion in the cortex is rfatly understood and other factors such
as the packing density of axons and relative voltnaetions of these components may
also contribute. This study set out to investightehypothesis that variation in the PDD

relates to aspects of the minicolumn and axonatileuorganisation.

As a preliminary validation of the technique, postftem DTI scans from nine multiple
sclerosis (MS) brains were used. Multiple sclerbs&ns were used as the demyelination
occurring in MS is suggested to create a greategeaf myelin levels and possibly,
values of cortical diffusion, than would be seen dantrols, and so may make
relationships easier to detect. The post-mortemskEs had been obtained as part of a
previous study which investigated the relationdfepveen histology measures and white
matter diffusion properties (Kolasinski et al., 2D1This applied PM diffusion imaging
to white matter tracts in multiple sclerosis, basedthe established sensitivity of MD
and FA to demyelination and other aspects of winidéter degeneration (Beaulieu, 2002;
Schmierer et al., 2008). Measurements in the winiédter tracts between cortical and
subcortical grey matter areas correlated with stethdhistological measures in those

areas (cortical thickness and cell density) (Kaolsisi et al., 2012).
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The present study investigated the correspondeetveebn the histological and imaging
measures in the two cortical regions investigateglipusly (Kolasinski et al., 2012):

dorsolateral prefrontal cortex (dIPFC) and primasual cortex (V1). Measures in these
cortical regions were found to correlate with whitatter myelination, providing a link

between the cortex and varying levels of myelimatids MS is a demyelinating disorder,
these areas were also chosen as areas of poteiegance in MS. In addition, these
areas are reasonably well characterised and anerktm represent a range of cortical
cytoarchitectural arrangements (i.e. wider miniomhs in dIPFC and narrower
minicolumns in V1). The present study additionatigludes another well characterised
comparison region - the primary auditory cortexwitHeschl's gyrus (BA41) — which is
of interest due to inconsistencies in previous repon its PDD (Kang et al., 2012,
McNab et al., 2013). Furthermore, inclusion of BAdlbws for greater continuity with

the areas we are interested in investigating in ABMestigation of multiple cortical

regions also allows us to explore the sensitivityreeasures of diffusion to regional

differentiation.

Methods

Patients/samples

Fixed whole brains from nine MS patients (Table) vere obtained from the UK MS
Tissue Bank (Imperial College, Hammersmith Hosp@aimpus, London). Brains were

stored in 10% formalin before being transferrea foerfluorocarbon solution (Fombfin
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Subject Sex| Age Hemisphere Disease | Disease Time disease wag Time in wheel-| PMI (hours) | Sl(days) | Cause of death
progression | duration(yrs) | progressiveyrsy chair(yrsy

MS254 F 69 R Secondary 37 12 7 66 1198 MS

MS281 F 74 L Primary 33 * 17 40 929 Sepsis

MS314 F 78 R Secondary 45 24 17 60 435 Colonidrainta

MS316 F 79 R Secondary 55 40 36 26 1052 Pneumonia

MS322 M 72 L Secondary 28 4 * 59 1201 Pneumonia

MS332 F 50 R Secondary 22 10 2 69 1134 Breast canets

MS334 M 66 R Secondary 15 * 1 37 1126 Prostateeranc

MS396 F 86 R Primary 54 * * 54 578 Lymphoma

MS400 F 60 L Secondary 11 * 7 21 539 MS

Table 4.1. Subject demographics. PMI=post-morteerual (time between death and fixation); Sl=scdarival (time between fixation and scanning). *idades the data

was not available
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LCO08; Solvay Inc.; Bollate, Italy) for scanning, wwh contributes no MRI signal and

provides susceptibility matching to tissue (redgdmage artifacts).

MRI scanning

Scanning was carried out by FMRIB scanning technigion a Siemens Trio 3T scanner
using a 12-channel head coil. Each scan sessitadlapproximately 24 hours. Diffusion
weighted data were acquired using a modified sphmesequence with 3D segmented
EPI (Te/Tr=122/530ms, bandwidth=789 Hz/pixel, matrix size84H2x120, resolution
0.94x0.94x0.94mm). Diffusion weighting was isotrcgdly distributed along 54
directions (b=4500s/mfj with six b=0 images. This protocol takes appraadiefy six
hours, and was repeated three times for 18 hotakdifusion imaging. Structural scans
were acquired using a 3D balanced steady state dreeession (BSSFP) sequence
(Te/Tr=3.7/7.4ms, bandwidth=302Hz/pixel, matrix size: ¥520x416, resolution
0.5x0.5x0.5mm). Images were acquired with and witi®F phase alternation to avoid
banding artifacts. This was averaged over eightatpto increase signal to noise ratio.

More details can be found in Miller et al. (2011).

Data was processed using the FMRIB software librd$L) (Smith et al., 2004;

Woolrich et al.,, 2009). The FSL diffusion toolboxasv used to process diffusion
weighted data, which incorporates an in-house @ging pipeline to compensate for
gradient-induced-heating drift and eddy-currentatigons, to produce maps of fractional
anisotropy (FA), mean diffusivity (MD) and the diffion tensor components (Miller et

al., 2011).
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Cortical Diffusivity Analysis

Cortical diffusivity analysis consisted of threagegs: masking of the region of interest
(ROI), calculation of the diffusion metrics withthe ROI using CHIPS (Cortical Hi-

resolution Intensity Profile Segmentation; an inib® component of FSL) and extraction
of the values to be compared with the histology sueements. CHIPS was developed
specifically for this purpose and as the first pobjto use CHIPS the current project also

involved some optimization of its application.

Masking the ROI

Cortical ROIs corresponding to those sampled logiohlly were delineated using
manually created masks on the structural post-morieages. By careful reference to
photographic images of the physically cut coronalirbslice before and after the tissue
block was removed, and the corresponding Nisshesthislide, the closest matching
coronal slice of the structural MRI scan was id&di This was designated the central
slice of the mask. The cortical diffusion analystéies on calculating average values
along cortical profiles running radially across ttw@tex within the area defined by the
mask. This therefore requires a 3D mask to be edeas the cortical profiles cannot be
assumed to lie entirely with a particular coroniesof the structural MRI scan. In order
to determine the optimal number of coronal slieesniask around this central slice the
effect of increasing the number of slices masked @amined. A series of masks were
created, covering 9, 11, 13, 15 or 17 slices, afitered around the same coronal slice.
The mask covering 9 coronal slices was createtldind subsequent masks were created
by adding two coronal slices to the previous m&HIPS was then run to obtain the
output measures of cortical diffusion. A numbewokels were identified in this central

coronal slice (at least 35 voxels), and the valuinis voxel compared across the outputs
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from the different size masks. As can be seengur€i 4.1 the mean difference between
the value of a voxel and its value in the previonask, decreased with increasing
numbers of slices masked across diffusion metflieking an average of the percentage
change across the different measures of corti¢tlsitin, for each mask size separately
revealed the smallest change was seen at 15 §lc®&7/%; 9 slices: 5.022%; 11 slices:
0.635%; 13 slices: 0.468%; 17 slices: 0.409%). &toee 15 slices was chosen as the
optimal point by which the smallest changes wermensacross the different diffusion

metrics.
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Figure 4.1. The relationship between the numberoobnal slices included in the mask and the average
change from the value in the previous mask forf@lr of the diffusion metrics being investigated 1
slices was chosen as the optimal number of sleég tmasked (highlighted in yellow).

Cortical ROIs were masked over 15 coronal slicethefMRI image centered around this
slice, taking care to include only grey matter yexe avoid contamination from white

matter or CSF. The limits of the cortical ROIs weletermined by careful comparison
with the photographic images, and correspondingINiined slides, in order to ensure

the masked area matched the histologically samarieal
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Calculation of Diffusion Metrics

CHIPS was used to generate cortical profiles, lires across the cortex in a radial
direction, perpendicular to the cortical surfacseirfg a Laplacian potential model, based
on (Jones et al., 2000)). Values for the diffusiensor derived metrics were averaged
along the cortical profiles, across the entire redsROI, excluding regions near the ends
of the ROI. The average value for each corticafilgravas stored at the mid-point of the
profile, creating a set of values arranged as wectunning parallel to the cortical surface
(Figure 4.4). The metrics calculated were FA, M@ aeveral measures relating to the
principal diffusion component: namely the anglewsstn the radial direction across the
cortex and the principal diffusion directionrfd) (Figure 4.2); and the component of the
principal diffusion (associated with the princighififusion direction) that is perpendicular
to this radial direction (D (Figure 4.2). The latter gives a measure of haveimof the
diffusion occurring along the PDD is perpendicularthe radial direction across the
cortex. These two measures were chosen as it irkiimat cortical regions largely differ
in their cyto- and myelo-architecture in terms ofikhontal spacing between these radial
components, rather than the spacing of componentshé radial direction itself.
Therefore, it is expected that diffusion will be mamr less restricted in this horizontal
direction (i.e. tangential to the radial directiacross the cortex) as a result of variations
in the organisation and spacing of the radial besrto diffusion provided by the cortical

cytoarchitecture.
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Figure 4.2. Example of the cortical diffusion ddta one representative region (right), including an
illustrative voxel example of the derived diffusibased measures (left). Blue lines indicate thecgal
diffusion vector in each voxel: on the right, othe direction is indicated, while on the left th#fugsion
tensor component along the PDD vectopd#) is shown. Red lines indicate the estimated radirgiction
perpendicular to the cortical surface (labellegiwn the left). The angle of radiality,aq,in a voxel is the
angle between the red and blue lines. The perpeladicdiffusivity, D, is calculated by
projecting Dpponto the plane perpendicular tqw Both quantities are averaged along the radiakction
across the cortex, as indicated for one set oflgdxgthe yellow line.

Extraction of values

For each location photographed for the minicolunmalysis, the corresponding area
within the ROI mask (on the MRI scan) was visuaitientified through careful
comparison with the photograph locations markedthan corresponding Nissl-stained
slide. In order to guard against slight mismatdbetsveen the area photographed and the
best-match voxel chosen within the MRI scan, it wlasided to calculate an average
over several voxels. A preliminary investigationsanducted in order to determine the

optimal number of voxels to include in this average

Five different averages were investigated as daetai Table 4.2 below. Each consisted
of a number of voxels in the slice that most clpgeatched the area in the slide (slice 0),
with some averages also containing values from lgarethe slice anterior (slice -1) and

posterior (slice +1) to slice 0.
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Average ID Number of Voxels from:
Slice -1 | Slice 0| Slice +1

1 0 3 0

2 1 1 1

3 3 3 3

4 0 5 0

5 5 5 5

Table 4.2. Voxels used in calculating the averaljyestrated in Figure 4.3 below.

For simplicity, this preliminary analysis was résied to MD and FA values. A repeated
measures ANOVA was conducted with the differentrages as the within-subjects
factor, for PFC and V1 separately for each of FA MD, as PFC and V1 are expected
to show different values. No difference was obsetvetween the different averages (all
p>0.1). This result was also confirmed by lookirighe data graphically (Fig 4.3). In

order to balance against potential mismatches legti@cation photographed and best-
match voxel chosen both within a given coronalesliand between coronal slices,
average 3 was chosen as this averages both witidnbatween coronal slices. In

addition, this should give a reliable value repn¢géve of the location sampled

histologically, while still remaining within 1mm dhe location identified as the best

match to the photograph.

In order to calculate the diffusion metric values this location, we identified the voxel
in the coronal slice most closely correspondinth®photograph location, along with the
neighbouring voxel on either side (as shown in Fégd.4). This coronal slice was
designated the central slice. We then repeatedfdinishe coronal slice immediately
anterior and immediately posterior to this censiae. This identified a total of nine
voxels (three from each coronal slice), the valhfeshich were averaged to give a single
value for each diffusion metric for that locatioRigure 4.4). The visual matching
performed between the photographed locations onslises and the corresponding

location on the MRI scans was not always perfedtsamthis averaging was performed in
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order to make the measurement more robust as svédl minimise the influence of noise
in the DTI data itself. For the measures relatiaghe direction of diffusion this local
averaging additionally smoothes the data, ensusimy directionality with some local
coherence will emerge and so guarding against dissilpility that the deflection of the

principal diffusion direction from the radial ditgmn is random.

Figure 4.3. Mean FA and MD values generated byutaling an average over the voxels indicated in
Table 4.2

Slice -1 Slice 0 Slice +1
Figure 4.4. Example CHIPS output. The highlightgdase (blue) denotes the closest match to the area

photographed from the histological section. An agervalue for the location is calculated over #ns
the surrounding eight voxels from the mid-pointdtef cortical profiles (orange), as outlined in figeire.
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A single value for each diffusion metric, for eaRBI, was calculated by averaging the
values obtained from the three photomicrographtiosa sampled within the ROI. This
not only adds further robustness against the smigkhlignments that may have occurred
in matching the locations sampled histologicallfhwihe MRI voxels sampled for the
diffusivity measures, but also allows for consistemvith the histology measurements,
which similarly calculate a single value for eac®IRPrevious work has found that
measures of the cyto- and myelo-architecture alaively stable within a cortical
subregion (e.g. Von Economo and Koskinas (192%)icating that it is valid to find an

average value for that region.

Neurohistological sampling

Brains were sectioned coronally and the diagnokis1® was confirmed by a clinical
neuropathologist. Blocks of size 25mm x 25mm x 10mere sampled for each of the
three regions from one hemisphere per brain (eesgmtative sample of hemispheres: 3
left, 6 right). Blocks and the surrounding tissuerevphotographed using an Olympus C-
5050 digital camera for reference. dIPFC ROIs idellithe middle and superior frontal
gyri bounded inferiorly at the paracingulate sul@ml inferior frontal sulcus. dIPFC
blocks were sampled level with the cingulate gyi#sgure 4.5). BA41 Dblocks
incorporated Heschl's gyrus, bordered medially ly insula cortex and laterally by the
planum temporale (Figure 4.5). V1 blocks were sahllong the calcarine fissure, level
with the medium transverse occipital gyrus (Figdrg). ROI selection was confirmed

cytoarchitecturally in accordance with Von Econoamal Koskinas (1925).
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Figure 4.5. a) location of sulci used in delinegticortical regions of interest: red=calcerine fissu
green=paracingulate sulcus, the cingulate gyrusdiated by the blue arrow. Example sections of b)
dIPFC and c¢) V1

Tissue blocks were embedded in paraffin wax andlgeisectioned at 10m for the

minicolumn analysis and quantification of myelinvéés, and 30m for the bundle
measurements. Sections were stained with cresigtvi€V; ThermoFisher Scientific,
Waltham, MA, USA) for minicolumn analysis, anti-peolipid protein stain (AbD
AbSerotec, Oxford, UK) (anti-PLP) for light trandtance myelin quantification and

Sudan black, a myelin sensitive lipophilic dye, fleeasurement of axonal bundles.

Minicolumn Analysis

Minicolumn width based on cell bodies was assesse®y a semi-automated procedure
as described in Chapter 3. Briefly this calculatedralue for the minicolumn width

consisting of the cell dense core region plus tt®oeiated neuropil space surrounding
this. For each ROI, three photographs were takem & single slide where possible, and

an average calculated over these to give a sirajleefor each region.

Quantification of Myelin Levels

Cortical myelin content was assessed using ligimsimittance to quantify the intensity of
myelin stain in anti-PLP stained sections. Dataenssllected using Axiovision v4.7.2
software on a PC receiving a signal from an AxioddRc (Carl-Zeiss, Jena, Germany)

mounted on a BX40 microscope (Olympus. Japan) ailldx objective lens. The set up
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was calibrated in RGB mode with fixed white balanoe incident light, using a standard
slide/coverslip preparation and light filters (626% and 100% transmittance). For each
ROI three measures of transmittance (T) were takemach of layers Ill and V at
locations matched to those photographed for theicoiumn analysis, using a 58,

240 m?virtual frame on anti-PLP stained sections, and-diselting values averaged.

Axon Bundle Analysis

Axon bundle analysis was carried out as describedhapter 3. Briefly, for each region
three photographs were obtained through a 10x twgedens (resolution 1.10n,
although the resolution achieved with real datd ™ lower due to the presence of
noise) with an Olympus BX40 microscope, centreduadolayer V as the axon bundles
were clearest there (Figure 4.6). Image locatioasevehosen to provide the best match
to the locations photographed for the minicolumalgsis, and were obtained from a
single slide where possible. Measurements of axmmnadile centre-to-centre spacing, and
the width of the bundles themselves were made ntignimaAxiovision, using the in-

built measurement tools (Figures 3.4, 3.5).

Pilot data revealed high reliability of this methdohding a high correlation (r=0.737,
p<0.001) between measurements of photos taken @different occasions. Coefficients
of error were calculated according to the followifgmula, in order to assess the
accuracy of axon bundle measurements. Coefficiehtsror were calculated for each
cortical region using all the individual measuretsenade for that same region across all
subjects (this resulted in a mean number of 49 emloeing used to calculate each
coefficient of error for axon bundle spacing, aridv@lues being used to calculate each

coefficient of error for axon bundle width).
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A value of less than 0.1 is desirable. As can lem $e Table 4.3, values of less than 0.1
were obtained for both axon bundle width and sgaawnall cortical regions, suggesting

this method provides an accurate estimate of thesssures. The values from the three
photographs were then averaged to give a singlgeviar bundle spacing and a single

value for bundle width for each ROI.

Figure 4.6. Sudan black stained section illustgatjrcortical layers, ii) tissue type and iii) measments of
axonal bundle width (a) and axonal bundle spadingas indicated by the arrows.

For bundle width, this resulted in an average®{£5), 22(x 5), and 44 (x 5) bundles
being sampled across the three photographs forGjiBA41 and V1 respectively for
each subject, constituting 94 bundles per casenpaoable to the 100 bundles measured
by Seldon (1981b). Coefficients of error were a#lldw 0.1, which indicates an
acceptable level of accuracy (Table Il). For burgppacing a mean of 42 (x4), 39 (x5)

and 65 (£8) measurements were made for dIPFC, BAdIIV1 respectively.
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It was not possible to conduct a similar analysithat performed by the CHIPS software
to assess the orientation of the axon bundles nvithe cortex as CHIPS relies on
calculating the geometrical vertical direction asothe cortex from the GM/WM

boundary to the pial surface from a three-dimerdialataset. Such a three-dimensional
estimate is not possible in histological sectidmat thave a limited depth (in this case
30um), compounded by z-direction compression omileeoscope slide, and the radial
direction across the cortex is best determined ftbm radial microstructure itself.

However, taking a subset of cases with a relativelgurved section of cortex where it
may be assumed that the three-dimensional geonvetriical is reasonably close to the
two-dimensional estimate obtained from the histimlalg section, we were able to

measure the orientation of the axon bundles r@dbwvthis. This indicated that the axon
bundles deviate from the radial direction acrogsdbrtex by an average of 3.50 (£2.68)

degrees.

Statistical Analysis

All data were analysed using SPSS v19 for Windows.

Relationship between histology and DTThe relationship between the microanatomy
and MRI diffusion measures across the full datavea$ investigated by correlation

analysis using Pearson’s Correlation Coefficient.

Mean regional differences Regional differences in both histology and DTéasures
were assessed using repeated measures ANOVAs,cwoitital region as the within
subjects factor, and significant main effects wielowed up with post-hoc t-tests. As
post-hoc tests to investigate the effect of coktiegion involve three comparisons, no

correction for multiple comparisons is required.
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Histology measures Relationships between histology measures werestigated using

Pearson’s Correlation Coefficient.

Results

Relationship between histology and DTl measures

None of the measures of cortical diffusion werenfbuo be affected by post-mortem
interval (PMI) although a significant correlatiorasvobserved between scan interval (Sl)
and FA (r=-0.418, p=0.034) only. Axonal bundle widthowed a significant negative
correlation with both rag (r=-0.501, p=0.009) and Xr=-0.453, p=0.020) (Figure 4.7).
However, relationships between axonal bundle waitd the two more commonly used

DTI measures (FA and MD) were not significant.

For the spacing of the minicolumns, as assesseatilmaseither cell bodies or myelinated
bundles, the correlations did not reach signifieawdth any measures of cortical
diffusion. Levels of cortical myelination in lay&f showed a relationship with FA
(r=0.471, p=0.020), however this seemed to be duene outlier and once this was
removed the effect did not persist. No interactidretween cortical diffusivity and

myelination in layer Il were observed.

The principle diffusion direction in the cortex Hasen shown to become more tangential
proximal to the GM/WM boundary (Kang et al., 201®). order to investigate the
contribution of such fibre microarchitecture, thegent study investigated the effect of
excluding a band two voxels thick at the grey-wtatter boundary. This resulted in a
mean decrease inrad of 0.83 degrees (mearrad in PFC = 51.6 degrees with no
erosion, 50.5 degrees with erosion of two voxelsam rad in V1= 53.6 degrees with

no erosion, 53.0 degrees with erosion of two vgx@ligyure 4.8).
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Figure 4.7. Least squares regression lines foralagionship between axon bundle width and a), and
b)D .

Figure 4.8. Effect on rad of eroding voxels at the grey-white matter lotarg for a sample of regions.

One possible reason for the relationship betweed and bundle width is the presence
of two components of cortical structure with difat diffusion properties: isotropic
diffusion in the space between the bundles anaglycanisotropic diffusion within the
axon bundles. In the space between the bundlegrihepal diffusion direction would
be estimated to have random orientation. Howewative to any reference direction, a
randomly chosen direction is far more likely to davhigh angle than a low angle (e.qg.,
there are more points at the equator of the Eadh &t the poles). Thus, the angle of a
purely random principal diffusion direction relaivo the radial direction across the
cortex is biased toward large angles. The propustiof the mixture of the isotropic
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Figure 4.9. Distribution of rad values for high FA voxels (shown in red) and A voxels (shown in cyan). sinad) is shown in black.
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component (with its consequent tendency towardgelaangles) and the anisotropic
component (where the angle would be much lowe®grdehes what the measured angle
over the whole voxel will be. When the proportioh the anisotropic component
increases (e.g. due to wider bundles or more ctosghced bundles) or the diffusion
associated with the axon bundles becomes moreteopso (e.g. due to tighter packing,
more axons, or more myelin wrapping);ad will become smaller. In this scenario, the
rad value is influenced by many factors, includihg proportions of isotropic and
anisotropic diffusion in the mixture. It followsdhvoxels that show strongly anisotropic
diffusion (high FA values) would be expected tooathow lower rad values (more
radial diffusion). In order to explore whether thgpothesis could account for the
observed results, we checked the distributionsrafi values in high FA voxels and low
FA voxels separately for a subset of cases. Annéisflg random PDD (as one would
expect at low FA) would be characterized by a ttistron of rad that is proportional to
sin( rad). The voxels with high FA would be expectecshow a higher proportion of
lower rad values, with the distribution shifted to th&.l&@he observed deviations were
consistently shifted slightly towards the lowerued, suggesting a systematic effect on
the angle although the effect was subtle and thelittle difference between high and

low FA voxels (Fig 4.9).

Regional Differences

Repeated measures ANOVA revealed a significant retiect of region on all diffusion

and histological measures (Tables 4.3, 4.4) (Figui®). Primary visual cortex shows
the narrowest minicolumns and narrowest axon bsnakeh BA41 showing the widest
spacing of axon bundles and the widest bundlegerins of diffusivity measures, BA41
shows the largest FA, lowest MD, lowest 8nd the smallest (a4 Value, suggesting a

more radial principal diffusion direction.
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Region Minicolumn /Axon Bundle Axon Bundle |Axon Bundle Axon Bundle [FA MD rad (rad) D
\Width (um) Spacing (um) | Spacing CE  Width (um) Width CE

dIPEC 37.7 45.3 0.025 8.2 0.020 0.071 0.00031 (0.000084 0.83 0.00015 (0.000051))
(2.50) (3.74) (1.33) (0.019) (0.22)

BA41 33.7 48.3 0.025 9.6 0.026 0.099 0.00018 (0.000044 0.71 0.00008 (0.00003d)
(4.14) (6.82) (0.70) (0.023) (0.24)

V1 27.1 28.6 0.018 7.3 0.013 0.091 0.00024 (0.000066 0.97 0.00014 (0.000039)
(3.38) (3.94) (0.84) (0.033) (0.20)

Table 4.3. Measured variables within each regiocenébral cortex (mean and SD). Coefficients afref€E) are provided for the histological measurfeaxon bundles. CE
is not provided for automated image analysis measents (minicolumn width and extracted DTl meagui€sefficients of error were calculated for eacitical region
using all the individual measurements made for shate region across all subjects (photographsxtmr Bundle analysis were taken from a single skilere possible).

Histology Measures

Measures of Cortical Diffusion

Minicolumn width Bundle spacing Bundle width FA MD rad D
Effect of region [F(2, 14)=22.523 F(2,16)=45.076 F(2,16)=18.345 F(2,14)=11.663 F(2,14)=21.513 F(2,14)=4.809 F(2,14)=10.136
P<0.00T P<0.00T P<0.00T P=0.009 P<0.00T P=0.026 P=0.002
dIPFC vs. BA41T=2.189 T=-1.125 IT=-3.586 IT=-16.098 T=7.006 T=1.125 T=3.997
P=0.065 P=0.293 P=0.007** P<0.001** P<0.001** P=0.297 P=0.005**
\V1vs. BA4l [T=-4.299 T=-7.340 IT=-6.559 T=-0.923 T=3.327 T=2.810 T=3.895
P=0.004** P<0.001** P<0.001** P=0.387 P=0.013* P=0.026* P=0.006**
dIPFC vs. V1
IT=9.013 T=18.149 T=2.228 T=-2.807 T=2.961 T=-2.186 IT=0.951
P<0.001** P<0.001** P=0.056 P=0.021* P=0.017* P=0.050* P=0.388

Table 4.4. Overall effects determined by repeatedsuares ANOVAs are reported in the first row (dffgfcregion). Post-hoc t-statistics are reportethim subsequent rows
for specific region comparisons.
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Figure 4.10. Regional differences, as shown byptiw-hoc t-tests reported in Table 4.4, in i) akondle width, ii) g and iii) D . * Denotes significance at the p<0.05
level and ** denotes significance at the p<0.0%klev
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Relationship between histology measures

A strong positive correlation was observed betwibenwidth of the minicolumns in the
cortex, as assessed by cell bodies, and the spatimgelinated axon bundles (r=0.745,
p<0.001) (Figure 4.11a). Bundle width also showegbaitive correlation with bundle
spacing (r=0.556, p=0.003) (Figure 4.11b) but #lationship between bundle width and

minicolumn width assessed by cell bodies was mptiitant (r=0.209, p=0.305).

Figure 4.11. Least squares regression lines fordlaionships between histological measures dficar
cytoarchitecture.

Discussion

The preliminary work conducted on these nine MSinsraprovides an initial
investigation into the suitability of this methodorf investigation of cortical
microstructure. Multiple sclerosis is neurologicidorder with an estimated prevalence
of 0.2% in the UK (Mackenzie et al., 2013). It isacacterised by neurological and
physical symptoms (including vision, balance andmme problems) followed by
neurological deficits and increasing disabilityukisg from CNS demyelination (Rudick
et al., 1997; Dyment et al., 2004). Although theu®in MS is often on white matter due

to the demyelinating nature of the disorder, demgélbn has also been demonstrated in

173



the grey matter (GM) using MRI, and histologicallyareas appearing normal on MRI
scans (normal appearing grey matter: NAGM) (Sbéadstlal., 2013; Brink et al., 2004).
Increases in MD and decreases in FA have beentddtecthe NAGM of MR patients,
although the extent of the change seems to increabe increasing severity from
clinically isolated syndrome (an initial onset ofngptoms which may indicate the
individual will go on to develop MS) through to apking-remitting MS (a form of MS
where symptoms are experienced during relapsegdseof which are separated by
remission where the symptoms are not apparentpesgtessive MS (where rather than
performance returning to baseline disability insesaduring the periods of remission)
(Sbardella et al., 2013). As the patients includethis study were all diagnosed with
either primary or secondary progressive MS (distisiged by whether the level of
disability increases during remission from the etitprimary progressive, or following a
period of relapsing-remitting MS: secondary progies), it is likely that the measures of
cortical diffusion we obtained are not represeméatf typically developing controls.
Given this heterogeneity in forms of MS, and thesgoility of moving between
diagnoses (e.g. from relapsing-remitting to secong@aogressive), it is well recognised
that there is a great deal of variability in dise@sogression, meaning that measures of
disease duration, or the time taken to reach @iffemilestones (such as requiring a
wheelchair) are not necessary good measures atalliseverity (Roxburgh et al., 2005).
In order to investigate relationships between logfical measures, measurements of
cortical diffusion and disease severity a measunemkdisability, such as that provided

by the Expanded Disability Status Scale would keded (Kurtzke, 1983).

Diffusion as an index of histology

The anatomical relationship with the diffusion sigmwas strongest for the measures

relating to the axon bundles, likely due to thednamce to water diffusion imposed by
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the axonal membranes and myelin sheath. The lackrmélations between measures of
cortical diffusion and overall levels of corticalyelination suggest that it is necessary to
investigate more fine scale aspects of corticaligacture in order to elucidate the factors
constraining diffusion in the cortex. It was notspible to determine in the present study
whether increased bundle width reflected changethenwidth of individual axons,
number of axons in the bundle, packing densityhaf &xons or thickness of myelin
sheaths, and this is an area that has not been deelimented in the literature.
Cytoarchitectural evidence from monkey cortex ssgggehat with increasing axon
diameter there is an increase in both myelin shdatkness and number of lamellae
surrounding the axon (Peters et al., 2001). A nunabestudies in a variety of animal
species have found that G-ratio also increasesinati@asing axon diameter (Berthold et
al., 1983; Chatzopoulou et al., 2008; Guy et 88% Sunderland and Roche, 1958;
Williams and Wendell-Smith, 1971) although one gtémund no difference (Friede and
Samorajski, 1967). In humans this relationship ¢valy been investigated in peripheral
nerves, with one study finding an increase in @ratith increasing axon diameter
(Friede and Beuche, 1985) and others finding aedser in G-ratio (Buchthal and
Rosenfalck, 1966; Jacobs and Love, 1985). Additipgndoth demyelination and
remyelination, as occurs in MS, would act to inseedhe G-ratio compared to the
healthy state, as remyelinated axons are knownat@ hhinner myelin sheaths than
would be expected for the size of the axon (Livakt 2001). Therefore there are a
number of processes that may be occurring at the lgf the axon bundle, including
changes in the width of individual axons, the nundfecoherently arranged membranes
and myelin thickness. Although, it is unclear ekabbw this relates to the net effect of
axon bundles, minicolumns and other componentshat scale of the MRI voxel,

increases in axon size, myelin thickness and myaliaring in wider bundles may cause
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tangential diffusion to be more restricted, leadioghe lower D values observed in the

present study.

As has been previously shown, the principal diffasdirection in the cortex becomes
more tangential proximal to the GM/WM boundary whimay be due to the sharp
change in direction as fibres leave the white mattel enter the grey matter (Kang et al.,
2012). In order to investigate the contributiorsath fibre microarchitecture, the present
study investigated the effect of excluding a bawd woxels thick at the grey-white
matter boundary. If this were due to a dispropodie effect of voxels containing fibres
turning sharply from the white matter, the exclustd voxels at the grey-white boundary
would be expected to have a greater impact @d values for area V1, where the cortex
is thinner than in PFC. In fact area V1 was foumtidve a smaller average decrease than
PFC (0.53 degrees in area V1 and 1.06 degreesG) $lggesting that this interpretation

is unlikely to explain the relationship that wasetved between bundle width andad.

In contrast, although the data in Fig 4.9 only shaavsubtle effect of FA on the
distribution of rad, the direction of the effect is consistent wahmodel whereby
isotropic diffusion is occurring in the space betwdhe axon bundles, and anisotropic

diffusion is occurring within the axon bundles tremives.

Reqional Differences

Given the strong association between cortical egtotecture and DTl measures it is not
surprising that brain regions differ in their DTharacteristics as well as their
cytoarchitecture. This is a finding of clinical eghnce as selective regional changes may

be informative in investigating differences asstadawith neurological disorders.

The present study found regional differences iniecolomn width between dIPFC and

V1 that are similar to those that have been welkatterized previously (Casanova et al.,
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2008; Veluw et al., 2012). In this study, area 4htained relatively wide minicolumns
compared to dIPFC and V1. As our subjects wererlgldihis may be explained by the
age-related minicolumn narrowing normally obseniadregions other than BA41
(Chance et al., 2006; Veluw et al., 2012). Axondiarspacing showed a similar pattern,
confirming the high correspondence between columndih assessed by cell-body and
axon-bundle-based measurements. The width of the bxndles also differed between
regions. This measure has generally been overloakethe literature, so regional
differences are not well characterized, althougl study examining axonal bundles in

BA41 found similar widths to those reported hereldsn, 1981b).

The current findings of regional differences in timeasures of cortical diffusion are
consistent with a previous study which found thensgpattern of MD across these
regions i.e. MD was higher in frontal areas thanimital areas which in turn showed
higher MD than temporal regions, in particular guperior temporal gyrus (Jeon et al.,
2012). The present study also shows regional eifflees in g - in particular, a
significant difference between BA41 (most radialfia/1 (most tangential). For cortical
FA, previous work has only looked at differenceshat scale of, and between, cortical
lobes and so is not comparable with the presenk W@t looked at much more precisely
defined regions. BA41 has been shown to have diyorrgdially organised
cytoarchitecture (Sigalovsky et al., 2006; Von Emoo and Koskinas, 1925), which may
explain why it shows very directional diffusion (asggested by high FA and low MD).
Regional differences in the diffusion metrics obserin the present study and previous
work (Anwander et al., 2010; Jeon et al., 2012; anal., 2012; McNab et al., 2013)
could arise from differences in the relative thieka of cortical layers introducing

different mixtures of tangential and radial diffoisi
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Previous studies investigating diffusion in theterrhave looked at the dot product
between the PDD and the vector normal to eitherctrécal surface or an intermediate
‘surface’ calculated within the cortex (Anwanderakét 2010; McNab et al., 2013). We
have calculated an equivalent quantiiyt averaged across the entire thickness of the
cortex. We argue that this provides a more reptatiea picture of the organisation of
the cortex in a particular region compared to ai@atalculated at the cortical surface
alone. However, for areas such as V1, where agtediect of cortical depth on angle
values has been shown (Kang et al., 2012; Leuzad.eP011), this may account for
discrepancies between the current findings ancetbbgrevious work. Additionally, the
present study uses a much smaller voxel size tmamiqus work, which may also

contribute to the greater range of values foune .her

Previous findings in BA41 have been inconsisterith WicNab et al (2013) highlighting
Heschl’'s gyrus as displaying a notably tangenti2aDP In contrast, Kang et al (2012)
note that the poleward side of Heschl's gyrus digpl particularly radial values.
Although we sampled across Heschl's gyrus, dudn¢ocbnstraints on suitable regions
for histological analysis and the wish to avoichging into the association cortex of the
planum temporale, it was necessary to sample mitea &rom the poleward side. This
may explain why there is a degree of radial diffitgion average. Furthermore, given
the finding of an effect of cortical depth on PDKRa(g et al., 2012) it is possible that
these conflicting findings are due to variationtire position of sampling within the
cortical depth, whereas our average across theeemirtical depth may give a good
picture of the average structural orientation fagiwen region. Indeed, our findings are
consistent with the detailed anatomical investaatof BA41 conducted by Seldon
(1981b) which found the majority of axons were ot radially. Similarly, the

reference work of von Economo and Koskinas (192bstrated Heschl's gyrus as
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having well defined, radially-oriented myelinatednblles which would be expected to

lead to a radial PDD, as found in the present study

Implications for DTI

The findings of the present work suggest great miitefor this method to allow the
investigation of the microstructure of the cortesing DTI. As has been demonstrated
here, cortical diffusion is particularly sensitite axon bundle width, something that
could be altered in disorders such as MS where dénayion is occurring, although
future studies would need to investigate that furtht is hoped that these initial findings
will provide a basis for future work to continueitvestigate how measures of diffusion
relate to the underlying microstructure, somethimag is not fully understood in white
matter and virtually unstudied quantitatively inrtocal grey matter and whether these

measures may be able to act as potential biomaitepsrticular disorders.

The finding of regional differences in measurescoftical diffusion opens up the
possibility of incorporating such measures intooalpms for cortical parcellation.
Currently these depend on sulcal and gyral landsparvkich do not always correspond
exactly to cytoarchitectural distinctions betweeeaaa (Roland et al., 1997). Therefore,
inclusion of measures of cortical diffusion, whitow regional differentiation, may help

to refine cortical parcellations based on thessgsulcal and cortical landmarks.

Relationships between histology measures

The present finding of a correlation between sgachthe minicolumns based on cell
bodies and axon bundles is consistent with whadinswn about the structure of the
minicolumn (Buxhoeveden and Casanova, 2002; Mosti&al997) and previous work

comparing the two measurements (Casanova et aB)20
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In the present study the width of bundles increagi#ldl spacing between the bundles, but
it was not possible to determine whether this otéld a greater number of individual
fibers within the bundle or less dense packing loé tsame number of fibers.
Understanding this may shed light on the functiomaplications of such regional
variation. It has been suggested that narrowly esgpaminicolumns have more
overlapping activations, with functional implicat® for information processing (Chance
et al., 2012; Harasty et al., 2003) and so minigwls functioning less independently may
have fewer axons in their bundles due to the great@undancy in their information
output. This would be of particular relevance teodders such as autism where one of
the most prominent neuroanatomical hypotheses nseraed with altered minicolumn
organisation (Casanova et al., 2002b) and connsctiv fiber tracts (axon bundles)

(Tommerdahl et al., 2008).

Limitations

The current study has been limited to investigatimge regions of the cortex (dIPFC,
V1, and BA41) due to the time-consuming naturehef tnanual steps involved in both
histological processing and image analysis. Fustudies across the whole brain would
depend on development of robust, automated imaghkysas tools for segmentation and
registration that can be applied to post-mortena,da$ well as advances in histological

processing hardware.

Although data of this kind is essential in elucidgtthe link between histology and
features detectable in DTI, post-mortem tissue newn to show altered diffusion
properties (Miller et al., 2011). Studies examinitigese changes in WM have
demonstrated reductions in both FA and MD, e.gli@vlet al., 2011; Schmierer et al.,

2008), but this has been much less studied in GENab et al. (2013) demonstrated a
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high degree of radiality in primary motor cortex fmth in-vivo and post-mortem tissue.
The finding of tangential diffusion in somatoserysoortex is not so uniformly replicated
in the port-mortem tissue but this may be due ®@ iticreased chance of erroneous
surface placement, and consequent calculationdhefradial directions, when using
surface based analysis on ex-vivo data (McNab.eR@l3) — a problem circumvented
here by manual definition of cortical ROIs. Prexdomork has investigated the effect on
diffusivity measures in post-mortem tissue of pagters such as post-mortem interval
(PMI; time between death and fixation) and scaeriral (SI; time between death and
scan), with some studies, e.g. (D’Arceuil and despigny, 2007; Miller et al., 2011),
finding a dependence of diffusivity measures on Palthough other studies have
suggested that these remain relatively constaet akation, e.g. (Kim et al., 2009). It is
worth noting that tissue volumetric change due ixation (i.e. shrinkage) stabilizes
within a few weeks (Quester and Schroder, 1997)ahdf the cases in this study had
been fixed for little more than the three years by et al (2011) suggest is the length
of the initial period of stable SI. Nonethelesse firesent study tested for correlations
between diffusivity measures and both PMI and 8idihg that only FA showed a
relationship with SI. Although our previous invegtiion of this dataset showed effects
of PMI in the WM, it is not surprising that the efts of PMI on diffusivity measures in
the cortex are different. The brains used in thislys were immersion fixed which causes
the GM to come into contact with the fixative immagdly whereas it has to penetrate
through to the WM, effectively resulting in a moegtended PMI. Overall there are
reasonable grounds to expect a fair degree of fmorelence between cortical diffusivity
measures obtained in-vivo and those obtained frost-mortem tissue (including that
with varying PMI and Sl), although care shouldldi#¢ taken in relating our findings in

the cortex to in-vivo data (particularly when catesing FA) and future research should

181



focus on clarifying how diffusivity measures in tbertex differ between in-vivo and ex-

vivo data.

One final limitation of this study was that in aallating D we were only able to measure
the component of the diffusion along the PDD thanh dbe projected onto the
perpendicular direction, rather than being abléake diffusion that is orthogonal to the
PDD into account. However, this is consistent vifite calculation of rad in this study

and similar measures of ‘radiality’ in other stugli@Kang et al.,, 2012; McNab et al.,

2013), which use only the PDD.

Conclusions

We describe a novel approach to the analysis di-regolution MRI diffusion data in the
cortex that is sensitive to myeloarchitecture i thuman brain using DTI, with
histologically-measured widths of axonal bundlesoagted with the principal direction
of diffusion in the cortex. Further, we demonstnaggional differences in these measures
of cortical diffusion. The current work used MRI pbst-mortem tissue to enable the
histological comparisons, but future applicationtlis approach to sufficiently high-
resolution in-vivo MRI scans would open up the sty of detecting changes
occurring in both normal and pathological developmé&he correlations with axonal
bundles indicate that this technique may be ofi@ddr interest in demyelinating or

connectional disorders, such as MS and autism.
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Introduction

The investigation of measures of cortical diffusiora pilot data set of MS scans in the
previous chapter (Chapter 4) indicates that cdrtiddfusion is sensitive to the

myeloarchitecture of the human brain, as well #eminces between cortical regions.

Given the previous findings of minicolumnar diffeces in ASD (Buxhoeveden et al.,
2006; Casanova et al., 2006a; Casanova et al. p2@0Zasanova et al., 2010; Casanova
et al., 2006b) and suggestions of altered myebnafiZikopoulos and Barbas, 2010),
along with the findings of altered axonal bundlgamization (Chapter 3) analysis of
cortical diffusion could prove a promising methaat fcharacterising microstructural
differences between a set of ASD and control brdmsaddition, measures of cortical
diffusion may be useful in investigating previodaims of attenuated, or absent, cortical

differentiation (Voineagu et al., 2011; Ziats anehRert, 2013).

Six regions will be investigated in the presentgtlBA1l, BA40, BA41 and PT will be
included for a number of reasons. Firstly theseregéons involved in processes known
to be altered in ASD; BA11 and BA40 are involvedsotial processing, PT is involved
in language, and BA41 is primary auditory cortexd a@s included due to auditory
abnormalities that have been reported in ASD (Mialt et al., 2011). They also
represent different types of cortex; BA41 is a @iynsensory region, PT is unimodal
association cortex and both BA11 and BA40 are batedal association cortex, and
minicolumnar and axonal bundle organisation has beeestigated in all four of these

regions (Chapter 3). In addition, PFC and V1 wikoabe included since cortical
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diffusion within these regions has previously b&arestigated in the pilot MS data set

(Chapter 4).

As the prime objective of this study is to inveatigthe ASD and control cases, rather
than to enable comparisons with the set of MS Braimethodological consistency with
the ASD and control cases studied in Chapter 3beilprioritised. However, the

correlations observed between histology and DTIsuess in the MS data will be used

to inform investigation of data from the ASD andtol cases.

The specific aims of this study are therefore:

To investigate the sensitivity of measures of caitidiffusion to diagnostic

differences. If the correlations between axon bendidth and ag and D are

also present in the ASD data then, given the figadihnarrower axon bundles in

ASD reported in Chapter 3, larger values @fs and D would be expected to be

seen in ASD.

To investigate the sensitivity of measures of caitidiffusion to regional

variation. Although regional variation in minicolmar structure is present in
ASD (Chapter 3), several gene expression studige Baggested that cortical
regional variation is attenuated in ASD (Voineagiale 2011; Ziats and Rennert,
2013). As minicolumn width has been shown to follawhierarchical pattern
(columns are narrowest in primary sensory areas \aidegst in heteromodal
association cortex) cortical regions will be grodipgccording to their cortical
hierarchy (primary sensory, unimodal associatiod aeteromodal association

cortex). It is expected that regional differencel e observed in ASD, but that
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the magnitude of the differences between primangseey, unimodal association
and heteromodal association cortex will be sméfan those seen in controls.

To investigate the relationship between DTI andotigy measures in ASD and
control cases. As the preliminary work on MS datported above indicates
correlations between axon bundle width and botty and D the relationship
between these variables will be of particular ies¢in the ASD and control data
set. The model proposed above suggests the diffissgnal seen at the level of
the whole voxel is a product of more anisotropitfudion associated with the
axon bundles themselves, and more isotropic ddfusn the space between the
axon bundles. It is therefore reasonable to asshataf the ratio of axon bundle
width to the space between bundles changes themwihiaffect the relationship
between measures of cortical diffusion and thestoloigical parameters. The
present study will therefore investigate whethere¢his a difference in the ratio of
axon bundle width to spacing between bundles betwdifferent regions of
cortex. If a difference is found then the relatiops between histology and
measures of cortical diffusion should be consideegzhrately for each region.

To confirm the existence of a strong correlatiomeen minicolumn width as
assessed based on cell body and axon bundle basagurements. As this
relationship is thought to arise from the intrinstructure of the cortical
minicolumns this relationship would be expectedbto seen in both ASD and

control groups.
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Methods

Subjects

Fixed whole brains or whole hemispheres for six A&bjects and six controls (Tables
5.1, 5.2) were obtained from the Oxford Brain BaBkains were stored in 10% formalin
before being transferred to a perfluorocarbon smiu{Fomblir? LC08; Solvay Inc.;

Bollate, Italy) for scanning, which contributes KdRI signal and provides susceptibility

matching to tissue (reducing image artifacts).

MRI Scanning

For 11 cases scanning and pre-processing of thesidih weighted data was carried out
using the same procedure as for the MS brains (€hdp. Due to a change in scanning
protocols CTLO5 was scanned using a steady sta¢epirocession protocol and so DTI

data from this case was not included in the presealysis.

Cortical Diffusion Analysis

Cortical ROIs were masked using the same procealifer the MS scans (Chapter 4),
and diffusion metrics calculated using CHIPS. Valugre again extracted from the nine
voxels centered around the voxel best matching ldeation photographed for

histological analysis (Figure 4.4).
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Subject| Sex| Age Hemisphere | Brain Post-mortem| Scan Cause of Death
(years) weight (g) | Interval Interval
(hours) (days)
ASDOL| M | 19 L 1243 6 508 ’
ASDO2| M | 22 R 1606 48 ’
ASDO3| F | 44 R 1592 48 54g | /cute hypoxic
encephalopathy
ASDO4| F | 44 L 1412 48 o5 | Diffuse large B
cell lymphoma
*
ASDO5| M 14 L * 72 2757
*
ASDO06 F 60 R * * *
*
CTLO1 | M 73 L * 24 48
*
CTLO2 F 88 R 1103 24 111
CTLO3| M 68 R 1500 48 117 | Choriocarcinoma
cTLo4| F | 82 L . 48 95 ’
cTLos | F | 68 R 1295 48 73 | Carcinoma of
pancreas
CTLo6| F | 48 x 1143 48 g1 | Ant-synthetase
syndrome
Table 5.1. Demographic information, * indicatesadafs not available.
Case ADI-A ADI-B ADI-C ADI-D Seizures
ASDO1 26 12 2 5 No
ASDO02 10 11 5 2 No
ASDO3 * * * * No
ASDO04 26 10 3 3 No
ASDO05 * * * * Yes
ASDO6 * * * * No

Table 5.2. Clinical information for ASD cases. * icates data was not available.

Neurohistological sampling

Brains were sectioned coronally and blocks of s2senm x 25mm x 10mm were
sampled for each of the five regions from one hphese per brain. Blocks and the
surrounding tissue were photographed using an QkgmP-5050 digital camera for
reference. dIPFC ROiIs included the middle and sapé&ontal gyri bounded inferiorly

at the paracingulate sulcus and inferior frontdtwsi (Figure 4.5). dIPFC blocks were

sampled level with the cingulate gyrus. BA41 blooksorporated Heschl's gyrus and the
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planum temporale. BA41 is bordered medially by itteula cortex and laterally by the
planum temporale. The anterior boundary is markethé first transverse sulcus and the
anterior boundary by Heschl’'s sulcus (Figure 2I3)e planum temporale is located on
the lower bank of the Sylvian fissure and boundedtgriorly by its ascending ramus
(Figure 2.3). The anterior boundary is formed bysétd's gyrus. V1 blocks were
sampled along the calcarine fissure, level with tedium transverse occipital gyrus
(Figure 4.5). BA11 blocks were sampled from theugyrectus, bounded medially by the
midline, posteriorly by BA25, separated lateraligrh BA10 by the olfactory sulcus and
dorsally from BA12 by the superior orbital sulc#sgure 2.3). BA40 was defined as the
supramarginal gyrus, which is bounded superiorlyth®y intraparietal sulcus, inferiorly
by the sylvian fissure, anteriorly by the postcehtulcus and posteriorly by the Jensen
sulcus (Figure 2.3). We were particularly interdste area Pfm of BA40, which is
defined cytoarchitecturally but is located towatks posterior part of the supramarginal
gyrus. Therefore, BA40 was sampled from the arestepor to end of the Sylvian
Fissure. ROI selection was confirmed cytoarchitedly in accordance with Von

Economo and Koskinas (1925).

All tissue was sucrose protected (30% wi/v) priofré@zing to minimise artefacts. 30um
sections were cut and stained with cresyl violet;(ChermoFisher Scientific, Waltham,
MA, USA) for minicolumn analysis and Sudan blackngelin sensitive lipophilic dye,

for measurement of axonal bundles.

Histological Analysis

Measurements of minicolumn width and axonal bundbith and spacing were made as
for the MS tissue (Chapter 4). Due to the findifgo relationship between measures of

myelination and DTl measures, myelination was resteased in the ASD and control
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cases. Although no relationship was detected with heasures of minicolumn width
based on assessment of cell bodies, this wasrgdsured in the ASD and control cases.
This was partly due to the strong relationship leetvbundle spacing and minicolumn
width observed in the MS data, which suggests ioglghips may exist between the
minicolumn width and DTI measures, but also asnleasurements of minicolumn width
had been collected from some of these areas asfghe larger ASD and control sample

(Chapter 3).

The relationship between histology and DTl measwas not investigated across MS,
ASD and control cases due to differences in higiol preparation between samples.
MS tissue had been paraffin embedded as part oprinous study (Kolasinski et al.,

2012) whereas ASD and control tissue was frozethisshas been shown to reduce
shrinkage in the z-direction compared with para#mbedding (Gardella et al., 2003;

Hatton and Von Bartheld, 1999).

In addition, while 10pum sections were cut from fyeaffin embedded MS tissue for
minicolumn analysis, 30um sections were cut from ftozen ASD and control tissue.
This was to ensure comparability with previous measents of minicolumn width from

our group, specifically with the measurements afioglumn width being made from the
larger sample of ASD and control tissue (ChapterliB)order to assess the impact of
section thickness on minicolumn measurements ainprery investigation was

conducted using paraffin embedded MS tissue sesdiat 10pum, 15um, 25um and
30um. A repeated-measures ANOVA with section thegenas the within-subjects factor
and cortical region (PFC or V1) as the betweenesibjfactor revealed a significant
effect of section thickness (p<0.001) as well agé&raction between cortical region and
section thickness (p=0.001). As can be seen inr€ifLl larger estimates of minicolumn
width are found from thinner sections, possibly dmesome minicolumns falling out of
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the plane of sectioning. This suggests that thismastd of minicolumn width obtained
from the 10um MS sections may be an over-estimiateeowidth. Given that the curves
for PFC and V1 (Figure 5.1) remain similarly separacross the different section
thicknesses this suggests that all measurements atieeted similarly, and so
measurements at 10um sections still provide a bsstimate of minicolumn width. In
contrast, the differences generated by the diftgpegparations cannot be quantified, and
would introduce differences in measurements of coinimn width even at the same
section thickness. Therefore, making meaningful gamsons between the previous MS

data and current ASD and control data would be sajtde.

Figure 5.1. Relationship between minicolumn widtk gection thickness for both PFC and V1. Errosbar
represent the standard error of the mean.
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Statistical Analysis

All data were analysed using SPSS v19 for Windows.

Diagnostic and regional differencesRepeated-measures ANOVA, using cortical region
as the within-subjects measure and diagnosis asdiveeen-subjects measure, was used
to investigate the diagnostic and regional diffee=nin both the measures of histology
and cortical diffusivity. Effects of including agad brain weight as covariates were also

explored.

Relationship between histology and DTThe relationship between the microanatomy
and MRI diffusion measures across the full datavea$ investigated by correlation

analysis using Pearson’s Correlation Coefficient.

Relationships between histology measureRelationship between histology measures

was investigated by correlation analysis using $teds Correlation Coefficient.

Relationship between DTI measures and clinical alda — Clinical variables (ADI-R
scores) were only available for three of the ASBesaand so relationships with DTI
measures were not investigated in this sample.tiBethips between histology and
clinical measures were not investigated in thissstilof cases as they had already been

explored in the larger set of cases (Chapter 3).

Results

Diagnostic and Regional Differences

Regional differences were investigated using reqgzbateasures ANOVAs with cortical

region as the within-subjects factor and diagnasishe between-subjects factor. Due to
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scan artefacts or poor tissue quality measuremeets only available for BA11 for 3
out of 6 control cases. Therefore BA11 was excludaa this analysis. A main effect of
region was found for all histology measures (allo®d5) and for MD (p=0.033)
although not for the remaining DTI measures (alD.4¥ (Table 5.3). Minicolumn width
was the only measure to show a trend effect ofrdisig (p=0.058) and a trend towards
an interaction between cortical region and diagh¢s+0.063). Post-hoc investigation of
the interaction between cortical region and diagndsr minicolumn width revealed
wider minicolumns in ASD in PFC (t=3.160, uncorext{p=0.01; Bonferroni corrected
significance level for 5 tests=0.025), BA41 (t=B63incorrected p=0.025; Bonferroni
corrected significance level for 5 test=0.025) &M (t=2.218, uncorrected p=0.051;
Bonferroni corrected significance level for 5 te$t925). Post-hoc investigation of the
difference between cortical regions revealed th& effect was primarily driven by

different values in V1 for the histology measurad FC for MD (Figure 5.2).
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Histology Measures Measures of Cortical Diffusion

Minicolumn Bundle Bundle EA MD

Width Spacing Width rad D
Sttoctof | F(2:018.2)=44.0) F(4,40)=29.98 F(4,40)=3.57 | F(4,32)=0.24 | F(2.0,15.7)=4.28| F(4,32)=1.89 | F(2.4,19.2)=2.16
region P<0.001" P<0.001" P=0.014 P=0.914 P=0.033 P=0.136 P=0.135

Region by | F(2.0,18.2)=3.23| F(4,40)=0.50| F(4,40)=0.94 | F(4,32)=1.05| F(2.0,15.7)=1.36| F(4,32)=1.91| F(2.4,19.2)=1.34

Diagnosis

interaction P=0.063 P=0.734 P=0.453 P=0.396 P=0.285 P=0.133 P=0.289
Etfoct of F(1,9) =4.71 | F(1,10)=0.25| F(1,10)=0.04 | F(1,8)=0.03 | F(1,8)=0.069 | F(1,8)=3.02 F(1,8)=0.78
diagnosis P=0.058 P=0.631 P=0.849 P=0.879 P=0.431 P=0.120 P=0.402

Table 5.3. Overall effects determined by repeatedsures ANOVAs are reported in the first row (dffgfaegion). Post-hoc t-statistics are reportetheasubsequent rows
for specific region comparisons. * indicates sigrihce at the p<0.05 level; ** indicates significarat the p<0.01 level.
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PFC BA11 BA40 BA41 PT Vi
Vinicolumn | ASD 38.9 (4.2) 35.3 (3.9) 35.2 (4.2) 32.4 (3.5) 23R.7) 24.1 (2.3)
width (um) | o 32.8 (2.3) 31.1 (1.9) 32.7 (4.6) 27.7 (2.6) B(.3) 24.5 (2.6)
sundle | ASD 53.8 (7.2) 57.6 (7.0) 53.6 (7.0) 61.7 (8.0) %(B.9) 34.1 (3.1)
spacing (Um)| oy 56.3 (5.4) 58.0 (9.2) 54.7 (10.9) 58.4 (9.3) 302.6) 34.7 (5.3)
sundie widih | ASD 9.9 (1.3) 9.2 (0.8) 9.3 (2.0) 9.4 (2.1) 8.2[1. 7.9 (1.1)
(Hm) CTL 9.8 (1.2) 8.8 (1.3) 8.2 (1.3) 9.7 (1.0) 9.2501. 8.2 (0.9)
ASD | 0.081(0.036) | 0.073(0.034)  0.086 (0.043 0.18852) | 0.087 (0.043) 0.11 (0.07)
FA

CTL | 0.092(0.016) | 0.113(0.035)  0.100 (0.025 0.0027) | 0.112(0.050)| 0.076 (0.036

o 0.00025 0.00029 0.00021 0.00019 0.00019 0.00018

. (0.00012) (0.00013) (0.00010) (0.000086) (0.00010) (0.00011)
oL 0.00019 0.00016 0.00017 0.00013 0.00011 0.00018

(0.00005) (0.00001) (0.00005) (0.00003) (0.00002) (0.00007)

ASD | 0.80(0.23) 0.91 (0.26) 0.84 (0.18) 0.80(0.23)  0.79 (0.16) 0.78 (0.24)

rad(rad)

CTL | 054(0.12) 0.56 (0.24) 0.75 (0.19) 0.59 (0.25)  0.76 (0.32) 0.91 (0.36)

s 0.00012 0.00019 0.00011 0.00010 0.00009 0.00010

5 (0.000084) (0.00011) (0.00005) (0.00005) (0.00006) (0.00005)
oL 0.00007 0.00007 0.00010 0.00006 0.00005 0.00010

(0.00004) (0.00003) (0.00006) (0.00002) (0.00002) (0.00006)

Table 5.4. Measured variables within each regioceogbral cortex (mean and SD) for both ASD androbnases.
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Figure 5.2. Average values for histology measunesraeasures of cortical diffusion for each cortical
region for both groups together (a, c, e, g arahg for ASD and control groups separately (b, d,&nd j).
Error bars represent the standard error of the mean
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Regional Differences according to Cortex Type

Regions were grouped according to whether they weareary sensory regions (BA41
and V1), unimodal association cortex (PT) or heterdal association cortex (BA9 and
BA40, again BA11 was excluded due to a number afsimg values) in order to test the
suggestion that microstructural differences in A®Ry be specific to certain types of
cortex (Buxhoeveden et al., 2006). A repeated-nreasANOVA with ‘cortex type’ as
the within-subjects factor and diagnosis as thevéen-subjects factor was conducted for
each measure individually. A significant effect obrtex type was observed in
minicolumn width (p<0.001), bundle spacing (p<0.p@hd MD (p=0.023). Post-hoc
investigation of these main effects revealed sigaift differences in minicolumn width
and bundle spacing between all types of cortex aigghificantly higher MD in
heteromodal association areas than unimodal associeortex (Figure 5.3) (as only
three post-hoc tests were carried out for each uneamnt type, no corrections for
multiple comparisons are necessary). No interastlmgtween cortex type and diagnosis

were observed (all p>0.1) (Table 5.5).

Although regional differences are found across B&ED and control groups, this does
not address the question of whether these regidifferences are attenuated in ASD
compared to controls. In order to investigate tfos,each of the measures of histology
and cortical diffusion, the increase in values gdiom one cortex type to the next (in a
hierarchical manner) was calculated. These valuese vinvestigated using repeated-
measures ANOVAs with ‘cortical hierarchy’ as thethim-subjects factor and diagnosis
as the between-subjects factor. A significant effafccortical hierarchy was seen for

bundle spacing (p<0.001), MD (p<0.001) and(p=0.001). In addition both MD and D
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Histology Measures

Measures of Cortical Diffusion

Minicolumn

. Bundle Bundle

Width Spacing Width FA MD rad D
Effect of F(1.2,11.0) = | £5 50y = 36.37 F(2,20) = 0.86| F(2,16)=0.04| TE190)= 1 16y -39 F(129.7)=

61.45 7.24 4.02
cortex type

p<0.001 P<0.001 P = 0.438 P = 0.959 > = 0.023 P=0.744 5 = 0.069

Cortex type by F(l'%' 7121'0) = | F(2,20) = 0.58| F(2,20) = 1.25| F(2,16) = 2.04 F(l'llfl'o) = | F(2,16)=0.25 F(1.02,892.7) =
diagnosis ' ' '
interaction P=0 442 P=0.569 P =0.309 P=0.162 P =027 P =0.785 P =0410
Eftect of F(1,9) = 4.70 | F(1,10)=0.51| F(1,10)=0.32| F(1,8)=0.01 | F(1,8)=0.89 | F(1,8)=3.91 | F(1,8)=0.98
diagnosis P =0.058 P = 0.493 P = 0.584 P =0.929 P=0.374 P =0.083 P =0.352

Table 5.5. Overall effects determined by repeatedsures ANOVAs are reported in the first row (dffgfacortex type)
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Figure 5.3. Average values for histology measutas (ow) and measures of cortical diffusion (bottmw) for each type of cortex (primary sensory,mmdlal association and heteromodal
association) for ASD and control groups separatelsor bars represent the standard error of thexmea
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Histology Measures Measures of Cortical Diffusion

Minicolumn Bundle Bundle
Width Spacing Width FA MD rad D

Effect of cortical F(1,9)=4.49 | F(1,10)=32.80 | F(1,10)=0.53 | F(1,10)=0.15 | F(1,8) = 49.27 F(1,8)=0.73 F(1,8) = 24.81

hierarchy P=0.063 P<0.00T P = 0.482 P = 0.705 P<0.00T P = 0.417 P = 0.00T
g;”'ca' hierarchy | £ 9)-0.045 | F(1,10)=057 | F(1,0)=1.33 | F(1,10)=1.31 | F(18)=16.05 F(1,8) = 0.33 F(1,8) = 6.94
diagnosis P=0.836 P=0.468 P =0.276 P =0.285 P = 0.004 P =0.581 P =0.030
interaction
F(1,9)=4.90 | F(1,10)=0.62 | F(1,10)=1.10 F(1,8) = 2.29 F(1,8) = 0.10 F(1,8) = 0.19 F(1,8) = 0.01
Effect of diagnosis
P = 0.054 P = 0.450 P =0.320 P =0.169 P =0.760 P =0.676 P =0.924

Table 5.6. Overall effects determined by repeatedsures ANOVAs are reported in the first row (dffefacortical hierarchy).

Figure 5.4. Difference in histology measures andsuees of cortical diffusion between one levehia tortical hierarchy and the next, for both AS[ aantrol cases
shown separately.
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showed an interaction between cortical hierarchy diagnosis (p=0.004 and p=0.030
respectively). No significant effects of diagnosisre observed (all p>0.05) (Table 5.6).
Visual inspection of the data revealed that smatléierences in values were seen
between different cortical hierarchies in ASD wleimpared to controls, and, that for
the measures of cortical diffusion, this differeseemed to be greatest when comparing

data from primary sensory regions with unimodabaggion cortex (Figure 5.4).

Relationship between histology and DTI

No correlations between histology and DTl measurdmevere seen for all cortical
regions considered together across both ASD andratogroups, although a trend
towards a negative correlation was observed betweedle spacing and Or=-0.225,

p=0.084). There was also a trend towards a coivaldtetween bundle spacing and FA
(r=0.215, p=0.099) and bundle spacing and MD (230, p=0.072). When ASD and
control groups were considered separately a sggmfi positive correlation was seen

between bundle spacing and FA (r=0.421, p=0.028pirols only.

In order to determine whether the ratio betweennalondle width and axon bundle
spacing varies across cortical regions the pergentd the bundle spacing occupied by
the width of the bundles themselves was calculaBll was excluded from this
analysis as axon bundle measurements were undeaitalthree out of six ASD cases.
A repeated-measures ANOVA with region as the withibjects factor and diagnosis as
the between-subjects factor revealed a significaain effect of region (F(4,40)=22.5,
p<0.001) but no effect of diagnosis (F(1,10)=0.0870.937) and no interaction between
region and diagnosis (F(4,40)=0.753, p=0.562). &loee correlations were investigated
in each region individually. Due to missing valdes BA11l in a number of cases BA11l

was not included in these investigations.
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A significant positive correlation was seen betwbeandle spacing and:ad for controls
in BA41 (r=0.888, p=0.044) as well as a trend talgaa positive correlation between
axon bundle width and raq for controls in BA41 (r=0.841, p=0.074) and PTQ1876,

p=0.052). Although not significant for ASD case®r fa number of regions the
relationships of a priori interest (i.e. betweemmbundle width and bothag and D)

seemed to be in the opposite direction to that seeantrols cases. Therefore Fisher’s r-
to-z transformation was used to calculate whetherrelationships were significantly

different between ASD and control groups. This sfarms correlation co-efficients so

they are normally distributed and so can be contpaseng a Z-test.
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Axon Bundle Width and raq

Correlations in ASD and controls were comparedgifisher’s r-to-z transformation
revealing a significantly different relationship®T (z=-1.93, p=0.027) and a trend

towards a different relationship in BA41 (z=-1.9%0.066) (Table 5.7).

Region | Diagnosis Pearson correlation Fisher's r-to-z transformatiot
Z p
n==6
CTL r=0.427 p=0.474 -0.29 0.386
n=>5
BA40 | ASD r=-0.451 p =0.369
n==6
CTL r =0.446 p = 0.452 -1.06 0.145
n=>5
BA41 | ASD r=-0.152 p=0.774
n==6
CTL r=0.841 p =0.074 -1.51 0.066
n=5
PT ASD r=-0.380 p = 0.457
n==6
CTL r=0.876 p = 0.052 -1.93 0.027
n=>5
Vi ASD r=0.583 p =0.225
n =6
CTL r=-0.204 p=0.796 -0.40 0.345
n=4

Table 5.7. Comparison of the relationship betweemaundle width and a4 for each cortical region,
between control and ASD cases.
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Figure 5.5. Least squares regression lines foralagionship between axon bundle width ang for each cortical region in a) ASD and b) contrates

Figure 5.6. Least squares regression lines foralagionship between axon bundle width andf@ each cortical region in a) ASD and b) contrases
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Axon Bundle Width and D

Visual inspection of the data reveals a clear teogdor the relationship to be negative
in ASD cases but, with the exception of BA40, pwsitin control cases. Closer

inspection of the individual regions in the ASD essevealed that ASD05 appeared to
be an outlier in a number of areas and exclusiatmisfsubject increased the strength of

the relationships.

Figure 5.7. Least squares regression line for ¢tegionship between axon bundle width andfBr each
cortical region in ASD cases after exclusion of ASD

Correlations in ASD and controls were compared gustisher’s r-to-z transformation,
with ASD and control groups showing a significandijferent relationship in PT (z=-
2.03, p=0.021) though differences in other regidiasnot reach significance (all p>0.1)

(Table 5.8).
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Region | Diagnosis Pearson correlation Fisher’s r-to-z transformatior
Z p
BA9 ASD r=-0.565 p=0.321
n=>5
CTL r=0.190 p = 0.760 083 0.203
n=>5
BA40 ASD r =-0.460 p=0.436
n=>5
CTL r =0.455 p =0.441 099 0.161
n=>5
BA41 ASD r =-0.403 p =0.501
n=>5
CTL r=0.195 p=0.753 062 0.268
n=>5
PT ASD r=-0.812 p =0.095
n=>5
CTL r=0.716 p=0.174 -2.03 0.021
n=>5
V1 ASD r=-0.626 p =0.259
n=>5
CTL r=-0.178 p =0.822 045 0.326
n=4
Table 5.8. Comparison of the relationship betweesnabundle width and Dfor each cortical region,

between control and ASD cases.

Relationship between histology measures

Bundle spacing was found to correlate with bothicolumn width (r= 0.479, p<0.001)
(Figure 5.8a) and bundle width (r=0.401, p=0.0¢4yyre 5.8b). Both these relationships
were significant in ASD and control groups sepdyafleundle spacing and minicolumn
width: ASD r= 0.510, p= 0.003 control r= 0.572, g3@L; bundle spacing and bundle
width: ASD r= 0.457, p=0.008 control r= 0.355, p3®4). In addition, a trend correlation
was observed between minicolumn width and bundbithw{r=0.216, p=0.079) (Figure
5.8c) although this did not reach significanceithex ASD (r=0.212, p=0.245) or control

subjects (r=0.266, p=0.122) alone.
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Figure 5.8. Least squares regression lines fordalagionship between histology measures.
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Relationship with demographic measures

An independent samples t-test revealed that théralogroup were significantly older
than the ASD group (t(10)=-4.006, p=0.002) (Fig&r8). However, when considering
ASD and control groups separately, age was notdawncorrelate with any of the
histological or cortical diffusion measures of me&t (all p>0.1). For this reason, and
because the effects of age might be different ibAf5id control groups, age was not

factored into the analyses.
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Figure 5.9. Distribution of ages of ASD and contrates
No significant correlations were observed betweastqmortem interval (PMI) and mean
measures of cortical diffusion (calculated acrds®@Is for each subject) (all p>0.05).
Scan interval (Sl), on the other hand, was founccdaelate with both mean MD
(r=0.935, p<0.001) and mean D p<0.001). However, this was found to be

primarily due to one ASD case with a particuladynd Sl (ASDO05), as if this case was
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excluded no significant correlations were seen betwSl and measures of cortical
diffusion (all p>0.01). Most findings were unaffedtby exclusion of this case, although
it did reduce the significance of some resultspamticular exclusion of ASDO5 resulted
in a trend effect of region on MD values (F(1.838W=3.227, p=0.076) and a trend
interaction between cortical hierarchy and diagaasi D (F(1,7)=5.13, p=0.058). In

addition, there was only a trend difference inrflationship between axon bundle width
and agin the PT between ASD and control cases (z=-1.7@,q85). However, some of

this reduction in significance may have been duthéoreduction in the number of data

points also.

Brain weight was not found to correlate with measuof minicolumn width, bundle

spacing or axon bundle width (all p>0.2).

Discussion

Diagnostic differences

The primary aim of the present study was to inges#i differences between ASD and
control subjects. Diagnostic differences in minicoh width were detected, with
increased minicolumn width being seen in ASD, gsored previously (Chapter 3).
Although no diagnostic differences were found ie ttemaining histology measures
(width and spacing of the axon bundles), it is fgmeghat this could be due to the age of
the subjects included in this study. The ASD subj€t4-60 years) were significantly
younger than the control subjects (48-88 yearg)) wary little overlap in the distribution
(Figure 5.9). Although not statistically signifidaprevious work (Chapter 3) has found a

tendency for axon bundles to be wider in young AS@Bes and older control cases, and
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so the distribution of ages in the present study mmave minimised any differences

between diagnostic groups.

Given that correlations between axon bundle widil eneasures of cortical diffusion
were not detected in the present study, and tlagndistic differences were not apparent
for axon bundle width, it is perhaps not surprisingt diagnostic differences in measures
of cortical diffusion were not found in this datet.sAlthough this means it is not clear
whether the measurements of cortical diffusion \wolé expected to be increased or
decreased in ASD, there is also a confounding fdoim the age difference between the
two groups. Measures of diffusion anisotropy inygneatter have been found to decline
with aging (Bhagat and Beaulieu, 2004; Nusbaum let2801) and one study has
reported increases in MD with age (Jeon et al.,2p0although several other studies
suggest the amount of diffusion occurring in theeodoes not change with age (Gideon
et al., 1994; Helenius et al., 2002). This suggtsds work is still needed to clarify the
relationship between ageing and standard meastidiffusion (FA and MD), let alone
the novel measures used in the present studydnd D), and so it would be premature
to conclude that the present results reflect a knak of diagnostic differences in these

measures.

Regional Differences

The present study found regional differences imlbe cyto- and myelo-architecture
consistent with previous descriptions of the coi@erFelipe, 2005; Von Economo and
Koskinas, 1925). As was found in the data from W8 cases and previous work
(Casanova et al., 2008; Veluw et al., 2012), PF@nsld the widest minicolumns and
axon bundles, while V1 showed the narrowest. Whertioal regions were grouped

according to their cortex type (i.e. primary segsanimodal or heteromodal association
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cortex) differences were only seen for minicolummdtiv and bundle spacing. For
minicolumn width, primary sensory cortex showed tf@rowest bundles, with wider
bundles being seen in unimodal association comelxtihe widest bundles being seen in
heteromodal association cortex, which is consistemih previous findings (Chance,
2006). Given the strong correspondence betweercalimnn width and bundle spacing
(Casanova et al., 2008) it is surprising that bergiiacing did not show the same pattern
of increase progressing through levels of assaciatortex. Instead the widest bundle
spacing was found in unimodal association cortehodwed by heteromodal association
cortex and then primary sensory cortex. Unimodabeigtion cortex in the present study
consisted of the planum temporale, an area whickn@vn to display hemispheric
asymmetries in minicolumn width (Chance et al., @08nd so could be expected to
show asymmetries in bundle spacing (though thisnkeasr been investigated). Although
it is possible that larger values in the left hgrhire could lead to a higher overall
average value for the PT it is unlikely that trethe explanation in the current study as
both right and left PT show larger values for bendpacing than does heteromodal
association cortex. It is possible, however, thtre is something unique or unusual
about the PT that means the bundle spacing imatkis is not representative of unimodal
association cortex. Therefore future work shouldestigate bundle spacing in more

examples of unimodal association cortex.

The present study did not find evidence for theeabe of cortical differentiation, as was
suggested by a previous study (Voineagu et al.1gMHowever, the difference between
cortical hierarchies did appear smaller in ASD sa$igan in controls, suggesting
attenuated cortical differentiation consistent witlte findings of Ziats and Rennert
(2013). Buxhoeveden et al. (2006) have suggestadiifierences between subjects with

ASD and controls may be more pronounced in thedriginder association cortices but
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this was not found in the present study, as redtéch the finding of no significant

interactions between cortex type and diagnosis.nAlzondle spacing seemed to show
similar diagnostic differences for all types of teor, although diagnostic differences in
measures of cortical diffusivity seemed to be ma@nounced in unimodal association
cortex (Figure 5.3). Again, as unimodal associatioriex is represented only by the PT
it would be interesting to investigate whetherraikir pattern was seen when looking at

another example of unimodal association cortex.

Given the sensitivity of measures of cortical diffan to regional differences in the MS
data it is surprising that regional differences avenly detected by MD in the present
data set. There are several possible explanatmmghis. Although we did not detect
reduced cortical differentiation in ASD in the lolsigy measures investigated, there are
other components of the cortical architecture thay influence cortical diffusion and
may show reduced cortical differentiation in therganisation. For example, dendritic
organisation has been suggested to contributertwaloanisotropy (McNab et al., 2013)
and has also been found to be altered in ASD (Blugsid Zhang, 2010; Raymond et al.,
1995; Wass, 2011). It would be interesting for fatstudies to investigate whether
dendritic organisation in ASD differs from contrats a regionally dependant manner.
The lack of an interaction between cortical regammd diagnosis suggests that these
measures of cortical diffusion do not show regioddlerentiation in controls either.
Measures of cortical diffusion have been obsen@dahange with age (Bhagat and
Beaulieu, 2004; Nusbaum et al., 2001), althouglm wie exception of MD this has not
been systematically investigated with respect tdica region. Age related changes in
MD have been shown to vary with cortical regionthwonly some areas showing
significant changes (Jeon et al., 2012), suggeshtiaga similar pattern could also occur

in other measures of cortical diffusion. It is pbkstherefore, that age-related changes in
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measures of FA, ras and D may have been more pronounced in some areas inasuch
way that the differences between the areas inwagstigin the present study were
minimised. It would be interesting for future resgmato establish the regional pattern of

age-related changes in measures of cortical dviitysi

Of the measures of cortical diffusivity, the pressstudy found regional differences for
MD only, with controls showing the highest MD in ®Hollowed by BA40, V1, BA41
and finally PT. This is consistent with the onljhet study to have examined MD at a
regional level in adults in a similar age rangeefent study: 44-88 years; Jeon et al.
(2012): 65.7+7.2 years). Although this study exadiMD at a gyral level, identifying
the gyri that most closely match the regions ingaseéd in the present study revealed a
similar pattern of results with the superior frdrggrus (corresponding to PFC) showing
the highest MD followed by the supramarginal gyiB&A40), pericalcarine cortex
(containing V1) and finally the superior temporgrgs (which includes both BA41 and

PT) (Figure 5.10).

The present study found that for ASD subjects MDs wmgghest in PFC followed by
BA40, BA41 and PT and finally by V1, which does rmiite correspond with the
findings of Jeon et al. (2012) for either youngptater controls. Although it is difficult to
make a direct comparison, as Jeon et al. (2013) @mmort results on the gyral level,
which does not correspond perfectly to the ROIsluisehe present study (particularly in
the case of the STG which covers both BA41 and Bil9,suggests there may be some
differences between MD in ASD and controls whick firesent study was unable to

detect, possibly due to the small sample size.

When the ROIs are grouped by cortex type a sigmfieffect of cortex type is seen on

values of MD, along with a trend effect on .Drhis suggests that Dis perhaps not
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Figure 5.10. Cortical mean diffusivities measuradaogyral level for both young (age: 22.6 +4.6 gpand old (age: 65.7 +7.2 years) controls. Resudt® reported on a
gyral level for left and right hemispheres sepdyaf€aken from Jeon et al (2012). * indicates digaint differences in MD between age groups at Ps0SFG=superior
frontal gyrus; STG=superior temporal gyrus; SMG=anparginal gyrus and PC=pericalcarine cortex.
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sensitive enough to detect the more subtle diffszempresent between different regions
of cortex, but may be sensitive enough to detextidhger differences between different
cortex types. These two measures of cortical ddfusseem to also be sensitive to
cortical differentiation measured in terms of th#edence in these measures between
different levels in the cortical hierarchy (Tableép Further, both show a significant
interaction between cortical hierarchy and diagnosaihich seems to be consistent with
attenuated, but not absent, cortical differentratio ASD (Figure 5.4) as suggested by
Ziats and Rennert (2013). Comparison of Figuresabd®5.3 suggests that, in contrast to
the suggestion of Buxhoeveden et al. (2006) th&erdnces might be minimal in
primary sensory regions and more pronounced ineniginder association cortices, the
largest differences between ASD and control subjetay be in unimodal association
cortex. However, it is still worth considering tpessibility that this could be something
unique to the PT rather than all unimodal assamatiortices. In addition, considering
the pattern of age-related changes in MD (Figui®)5(Jeon et al., 2012), it is possible
that the significant increases in MD in controldoth heteromodal association areas and
pericalcarine cortex could have minimised diffeebetween ASD and control subjects
in these areas and not in unimodal associatioexoRuture studies should aim to clarify

these issues.

Relationship between histology and DTI

One aim of the present study was to characterisergtationship between DTI and

histology for ASD and control cases. It is surpristhat the present study was not able to

detect the correlations of a priori interest, itmse between axon bundle width and both
rad and D This may have been due to the small sample siz# insthe present study

(just five control brains compared to nine MS bsaiim the previous study) although data
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points were collected from more regions for eachirbrHowever, another possible
reason for this relates to the uncertainty surrougevhich parameter(s) of axon bundle
width were actually driving the correlations (eicreased numbers of axons, increased
g-ratio, wider spacing of axons). For example, i® Memyelination may have led to
artificially smaller axon bundles with a correspomyly lower g-ratio, and so a stronger
correlation between axon bundle width and thickredssyelin sheathes than would be
seen in healthy control tissue. Therefore, althoagtorrelation may still exist between
the thickness of the myelin sheath and corticgudibn measures in control tissue, we
are not able to observe this by measuring axon lbumidith. This possibility could also
explain why, for the ASD group, the relationshiggtviieen axon bundle width and both
rad @and D go predominantly in the opposite direction to thesen in controls. As it is
unlikely that the relationship between cortical fusion and histology is diagnosis
dependent, the altered relationship in ASD mayesws$treflect a difference in the
relationship between axon bundle width and onehef dther properties of the axon
bundle (e.g. number of axons, axon density etcgrdfore, more work is needed in order
to determine which aspect(s) of axonal bundle degdion are giving rise to these

differences.

Relationship between histology measures

The present finding of a correlation between sgachthe minicolumns based on cell
bodies and axon bundles is consistent with whadtnswn about the structure of the
minicolumn (Buxhoeveden and Casanova, 2002; Most&al997) and previous work

comparing the two measurements (Casanova et aB)20

Very few studies have been conducted to investitfegeorganisation of axonal bundles

in the cortex, and indeed how different parametéesxonal bundle organisation relate to
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one another. It is interesting to note that theenss to be a positive relationship between
axon bundle spacing and axon bundle width acrosis the MS and ASD and control
data sets (reaching significance in the MS datasimving a trend relationship in the
ASD and control data). However, it is perhaps muoeresting that this is not a
straightforward relationship as the percentagdefaundle spacing which is occupied by
the width of the bundles themselves shows regioaaktion. However, it is unclear
whether the variation in axon bundle width is doedifferent numbers of individual
fibers within the bundle, different widths of theoms themselves, changes in the g-ratio
affecting the thickness of the myelin sheath arailvedaxons or changes in the density of
packing of the same number of fibers. It would iteresting for future studies to clarify
which of these parameters are changing and whdtfierent parameters are responsible

for the relationship with axon bundle spacing dmglregional differences.

Limitations

As with the MS data reported in the previous chaf@apter 4) the present study has
been limited to investigating six regions of theter (PFC, BA40, BA41, PT, V1, and
BA11, although BA11 was not included in the finadabysis due to several missing
values) due to the time-consuming nature of the ualrsteps involved in both
histological processing and image analysis. It wdug interesting for future studies to

extend this investigation to a greater number ofical regions.

Recent work has demonstrated superior diffusiorctagagaphy, particularly in the
presence of crossing fibers, using DTI data cati@etith the steady-state free precession
(DW-SSFP) technique as compared to the spin edimigue used in the present study

(McNab et al., 2009; Miller et al., 2012). Therefdt is possible that use of the DW-
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SSFP technique would result in better quality diffun measures in the cortex also,

allowing the relationships reported in the MS datd here to be investigated further.

Unfortunately the current study is limited by theadl sample size available, a problem
shared by many studies using post-mortem tissuthelipresent study this small sample
size may have resulted in insufficient statistipalver to detect relationships between
histology measures and measures of cortical ddfusin addition, due to brain tissue
availability it was not possible to match the ASmaontrol subjects for age, which may
have made it more difficult to detect any diagrosiifferences. However, the MS data
provides preliminary evidence for a relationshipamen cortical diffusion and measures
of cortical architecture. In addition, the ASD amdntrol data suggest possible
attenuation of cortical differentiation. These aagh interesting findings that should be

investigated in a larger data set.

Post-mortem tissue is known to show altered ditflagroperties (Miller et al., 2011) and
studies have demonstrated reductions in both FAMIDdN white matter, e.g. (Miller et

al., 2011; Schmierer et al., 2008). Some studie® haund a dependence of diffusivity
measures on post-mortem interval (PMI) (D’Arceuidade Crespigny, 2007; Miller et
al., 2011) although others have suggested thesaimemlatively constant after fixation
(Kim et al., 2009). However, these effects haventyabeen investigated in white matter
and have been much less studied in grey mattex worth noting that tissue volumetric
change due to fixation (i.e. shrinkage) stabilizeithin a few weeks (Quester and
Schréder, 1997) and most of the cases in this dtadybeen fixed for little more than the
three years that Dyrby et al (2011) suggest idethgth of the initial period of stable scan
interval (SI — time between death and scan). Ingason of the effect of both PMI and
Sl on measures of cortical diffusion revealed refeghips only with scan interval that
seemed to be dependent on the one case with aypanty long scan interval. Removal
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of this case had no effect on the overall pattémesults. This suggests that care should

be taken when investigating cases with an extrefoely Sl.

Conclusion

The present study suggests measures of cortidaisaih (in particular MD, and to a
lesser extent D are sensitive to regional differences in termgyple of cortex (i.e.,

primary sensory, unimodal or heteromodal associawortex). In addition, these
measures may prove useful for investigating therekegf differentiation between
cortical regions in disorders such as ASD whereuced differentiation has been
suggested (Voineagu et al., 2011; Ziats and Rene@it3). Although the present study
was not able to replicate previous findings of tieleships between axon bundle width
and g and D, the finding of significantly different relations between these
measures in ASD and control subjects suggests ithian area requiring further
investigation to determine which specific composepnf axonal bundle width are

differing between ASD and control subjects and ulydey these relationships.
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The aim of this work was to investigate the neutiopi@gy of the socio-cognitive

network in ASD, focusing on four key cortical areagolved in processes known to be
affected in ASD. Primary auditory cortex was in@dddue to the high rate of auditory
abnormalities in ASD (Klintwall et al., 2011). Tianum temporale (PT) is involved in
language, which is known to be affected in ASD. BAshd BA40 are both important in
theory of mind (Abu-Akel and Shamay-Tsoory, 2011inB et al., 2011; Carrington and

Bailey, 2009; Sabbagh, 2004; Vollm et al., 2006).

This work combined analysis of both in-vivo and tpo®rtem measurements to
investigate structural differences at both the ma@nd micro-scopic levels. This
involved the application of established methodmefsuring minicolumn width, to areas
not previously investigated in ASD, in a much largehort than previous studies, as
well as the development and application of novethoe@s for investigation of cortical

diffusion. In doing so, two important themes hawedme apparent in this work: the
importance of developmental trajectory and regialiférences. These will be discussed

in more detail below.

Age

Age was found to be an important factor throughbese studies, with measures taken
both in-vivo and post-mortem showing an alteredtrehship with age in ASD. In-vivo
volumetric measurements showed a positive relatipnbetween age and volume of

both BA40 and BA41 in subjects with ASD, that wédisent (in the case of BA40) or
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negative (in the case of BA41) in controls. Thigs @gpendence may have contributed to
the overall finding of no volumetric difference i¥een the groups across the whole age
range. Diagnostic differences in minicolumn widlsoaseemed to be age dependent,
with the finding of wider minicolumns in ASD seermgito be primarily driven by large

differences in the young cases, with decreasirfgréifices seen with increasing age.

These findings fit with the idea of an altered depenental trajectory suggested by
Courchesne (Courchesne et al., 2011; Courchesn®ianck, 2005), and also previous
findings suggesting age dependent differences uramesize (Jacot-Descombes et al.,
2012; Kemper and Bauman, 1998; Kemper and Baum@0R)2and cortical thickness

(Ecker et al., 2014; Zielinski et al., 2014). Ingpaular the minicolumnar findings fit with

Courchesne’s findings of more pronounced structdifierences at early ages, which
then normalise. However, an important differencéwben Courchesne’s volumetric
findings and the current minicolumn findings is tth@ourchesne suggests the
‘normalisation’ of brain volume in ASD is achievéttough the controls catching up. In
contrast, we see a negative relationship betweenaagl minicolumn width in both

groups, but that the rate of decrease is fastA6iD subjects.

Regional Differences

The studies presented here report two importantilteeswvith regard to regional
differences. Firstly, differences were found acraksypes of cortex studied, including
primary sensory regions, in terms of both volunecetrelationships with age and
minicolumnar differences. This is important as ontadicts previous suggestions that
the pathology is restricted to higher order assmraareas while primary sensory areas

are unaffected (Buxhoeveden et al., 2006). In audditit provides evidence of
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anatomical differences which may be associated thigh previously under-recognised,

high incidence of sensory abnormalities in ASD (ifkiall et al., 2011).

Secondly, regional variation was found to be pnesgrin ASD although not as
pronounced as in controls. This was found acrosth boeasures of histology
(minicolumn and axon bundle measurements) and soessures of cortical diffusion.
This argues against the idea of ASD being chargetrby a lack of regional
differentiation within the cortex. Although regidrdifferentiation did not seem to be as
pronounced in ASD as control cases, the lack of ragyon by diagnoses interactions
argues against this being a result of differentgpas of cortical differences in the two
groups. That is, although the differences betwegions seemed to be smaller in ASD,
the widest minicolumns were found in BA40, and tiagrowest in BA41, for both ASD

and control cases.

Together these results suggest that alterationthen minicolumnar structure are a
widespread feature of ASD, affecting many differgies of cortex to similar degrees,
and therefore suggests minicolumnar abnormalitiag be a unifying feature of ASD,

underlying all aspects of the symptomatology seefSD.

ASD severity

The present work detected relationships betwedomabbrain volumes and measures of
ASD severity (ADI-R and ADOS-G scores) in the cepending domains (i.e. BA41 and
social and communication measures, and BA11 anidlsalaility). Surprisingly, such a
relationship was not detected using post-mortemsarea of microstructure. Although
such correlations have not been reported beforentmsures of cortical microstructure
(although an association has been found betweddnucell density in the cerebellum

and use of social eye contact (Skefos et al., 30it4yould be surprising if alterations in
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minicolumn width, which may affect the fundamenpabcessing of information, were
not related to symptom severity. The lack of asgams in the present study may be due

to the large number of cases for which this infararawas not available.

MRI vs. Histology

The present work found volumetric differences usMBI in grey matter volume of
BA11, and in the left occipito-parietal region. Hewer, histological approaches were
able to detect differences in BAl1l, BA41 and PTggasting that microstructural
changes may exist in the absence of macroscopis. orfés therefore suggests that
histological investigation of microstructure may bare sensitive to ASD-related

differences than MRI-based gross volumetric measure

We were able to show a good correspondence betwHeh measures of cortical

diffusion and histological measures of corticalhétecture in a series of MS brains,
suggesting a possible role for high-resolution B¢&ns to provide information at both
the macro- and microscopic levels of the cortex.weker, more complicated

relationships were seen when extending this ingattin to a set of ASD and control
scans, which suggested that the relationship betvee®n bundle width and cortical

diffusion may be driven by another parameter whaohtributes to axon bundle width,
but that may be altered in ASD without affecting tbverall axon bundle width. This
shows how using a combination of MRI and histolagproaches may be more effective
than either alone, and how information from one mawsed to inform understanding of

the other.

In addition, while perhaps not as informative astite exact nature of the structural
changes in the cortex, measures of cortical diftysiwere shown to be a useful

measure, sensitive to cortical differentiation. fEfiere, with further development of this
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technique to establish its validity in-vivo, thisutd be a useful approach to investigating
regional differences and even cortical developmanthealthy aging and pathology,

across the lifespan.

Interpretation

Evidence from cytoarchitectural studies has suggetstat wider spacing of minicolumns
will result in more independent functioning of timelividual minicolumn (Chance et al.,

2012; Harasty et al., 2003; Seldon, 1981b). Thislldidacilitate greater discrimination

and less generalisation of stimuli and provide tepimal neural basis for ‘weak central
coherence’. As wider minicolumns are seen acrosange of cortical areas, not just
primary sensory ones, such reduced generalisatiold einderlie ASD symptomatology
in all three domains. Inability to generalise stimuill impair extraction of salient

features from a situation, and so will impact udooth communication and social
interaction (Gustafsson, 1997). In addition, sucfoeus on individual features of a
stimulus may lead to over-awareness of changesuth $eatures (for example the
placement of an object within a room or a particgtage of a routine), and so give rise
to restricted and repetitive behaviours (Gustafsski#97). Such reduced integration
across stimuli would also explain the observedeased temporal resolution in ASD,

discussed in Chapter 2.

In addition, the current finding of increased maliann width is consistent with previous
suggestions of an alteration in the excitationfitton balance. Computational models of
minicolumnar development support the idea that elswd inhibition would lead to
wider minicolumns (Gustafsson, 2004). Therefore, aaltered ratio of

excitation:inhibition could act as an underlyingusa of differences in minicolumnar

width, and may co-exist alongside such structunanges. This would therefore be able
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to explain the observation of behaviours consisteitit reduced cortical inhibition in
ASD, as well as the high incidence of seizures (&anet al., 2008; Tommerdahl et al.,

2007; Tommerdahl et al., 2008; Vattikuti and Ch&@10).

Limitations and Future Work

Although the present work provides the largest stigation into minicolumnar
abnormalities in ASD, as well as a novel method ifmestigation of differences in
cortical diffusion, there are several limitatiodgart from the study of minicolumnar
differences, the other studies unfortunately hatecgmall sample sizes, which may have
limited the ability to detect subtle diagnosticfdiences. However, both of these studies
find interesting results that future studies sholddk into investigating in larger

populations.

Given that differences in minicolumn width appearbie most pronounced at younger
ages it is a limitation of the study into cortichffusion in ASD that we had few young
ASD cases, and that all the control cases were rolagr. This may be why diagnostic
differences were not detected in either the higliokd or cortical diffusion measures. It
would again be interesting for future studies tteesl this work, in order to investigate
the sensitivity of cortical diffusion to diagnostidferences, when these are detectable in

the histology measures.

Although the study of minicolumn abnormalities umbéd a large number of cases, once
variables such as gender, presence of seizurespaeific age groups are considered, the
number of cases in each group becomes rather dinating the ability to detect any
differences between these groups. Therefore fustweies should try to use larger

homogeneous groups
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One major limitation of post-mortem studies of mmolumn width in ASD in general is
the lack of consistency between methods used. kample, the present study used
frozen tissue, sectioned at 30um, whereas prewtuses have used celloidin embedded
tissue, sectioned at anywhere between 35 and 508gmiscussed in Chapters 3 and 5,
these are all factors which could influence the sneaments of minicolumn width and so
prevent the comparison of values across studiesaddition, there is a lack of
consistency between which measures have been edpomrtviously, with some studies
finding a decrease in minicolumn width (Casanovaakf 2006a), some in both
minicolumn width and neuropil space (Casanova et 2802b), and some finding a

significant effect of diagnosis for neuropil spacdy (Casanova et al., 2006b).

It would be interesting for future work to go on itovestigate the differences in the
relationship between cortical diffusion measured aron bundle width in control and
ASD groups. In particular it would be interesting tise electron microscopy to
investigate whether individual components of therevbundle are varying between
diagnostic groups, for example whether the g-rdifters between groups. This would
not be unprecedented as Zikopoulos and Barbas Y2@p0Orted an increased g-ratio in
ASD in orbital-frontal cortex. It would be interexy to build on this greater

characterisation of axon bundles in both controld ASD in order to better understand
the correlation between cortical diffusion and axomdle width, and why this is absent

in ASD.

Finally, the interpretation of the functional imgdtions of the wider minicolumns seen in
ASD depends on observations made in control tidsygarticular, these observations are
largely based on observations of reduced dendtarlap between minicolumns when
they are more widely spaced in one hemisphere thanother. This means this
relationship may not extend to differences in nmohienn width within an area even
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within controls, and it is not known whether thigationship would hold true in disorders
such as ASD. Therefore, future work should asdessvalidity of this assumption in
ASD, either by detailed assessment of dendritio@shtion using electron microscopy,

or by assessment of density of staining with deiedmarkers such as MAP2.

Conclusion

ASD is clearly a complex neurodevelopmental disoraddth a heterogeneous

presentation, both behaviourally and structurdigwever, the current work has added
to a growing literature showing that these struadtdindings become more consistent
when considered within a developmental framewoukjgesting a period of accelerated
growth during early childhood, followed by a period attenuated growth or even

decline, resulting in more subtle differences inl#tbod. In addition, we have been able
to show that differences in developmental trajgcttan be observed across the cortex,
and do not seem to be confined to ‘higher-ordesbamtion areas. Moreover, the altered
processing suggested by wider minicolumns provadpstential neural basis for the bias

towards local, rather than global, processing se&8D.
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i) Filter Cresyl Violet solution

i) Wash sections in distilled water

iii) Place sections in 0.1% Cresyl Violet for 60 seconds
iv) Wash sections in 70% alcohol

v) Transfer sections to 90% alcohol (60 dips)

vi) Transfer sections to 100% alcohol (10 dips)

vii) Transfer sections to histoclear (5 mins)

viii) Coverslip sections using DPX

0.1% Cresyl Violet Solution:

0.5¢ Cresyl Violet
500 ml Distilled Water
4ml 10% Acetic Acid
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i) Filter Sudan Black solution twice

i) Wash sections in distilled water

i) Place sections in Sudan Black solution (15 mins)
iv) Refresh Sudan Black solution (15 mins)

v) Transfer sections to 70% alcohol (30 dips)

vi) Transfer sections to distilled water

vii) Coverslip sections with glycerol aqueous covensigdium

Sudan Black Solution:
1.25¢g Sudan Black

500 ml 70% Ethanol

Glycerol Aqueous Coverslip Medium:

59 Gelatin
50 ml Distilled Water
50 ml Glycerol
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