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Abstract

Neurobiological findings iranorexia nervosaAf\) are inconsistent, including differences in
regional grey <matter volumesMethodological limitations often contribute to the
inconsistencies reported. The aimtbis study was to improve on these methodologies by
utilising voxel based morphometry (VBM) analysis with the use of diffeomorgétomic
registration through an exponentiated lie algebra algorithm (DARTEL) retatively large
group of individuals with AN. Twentgix individuals with AN and 27ealthy controls
underwent.a T-weighted magnetic resonance imaging (MRI) sdaN. participants were
found tohavereduced grey matter volumes in a number of areas imgudigions of the

basal ganglidincluding the ventral striatuh and parietahndtemporal cortices. Body mass

index (BMI)and globlscores on the Eating DisordExamination Questionnaire (EB®)

were also found tgorrelate grey matter volumes in a region of the brainstem (including the
substatia nigra and ventral tegmental area) in AN, anediced 56% of the variance in grey
matter volumes in this ared@he brain regionassociated wit grey matter reductions in AN

are consistent withregions responsible for cognitive deficits associatedhwthe illness
including anhedonia, deficits in affect perception and saccadic eye movement abnormalities.

Overall, the_findings suggest reduced grey matter volumes in AN that are askeodihte

eating disorder symptomatology.

Introduction
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Anorexia nervosa (ANijs acomplexpsychiatric illness characterised by significantly
low body weight, an intense fear of weight gaind a disturbance in the experience of one’s
own body weight or shap@merican Pgchiatric Association, 20)3In addition to these
diagnostic criteria, a large boay evidence suggests thalN patients exhibienhedonia and
alexithymia=(Debordeet al, 2005 Tchanturiaet al, 2012 Phillipou et al, 20153, and
perform poorly on neurocognitive tasks that protevard and cognitive flexibility
(Tchanturia'et al,” 2004a Tchanturia et al, 2004h Wagner et al, 2007). These
neurocoghnitive functionare underpinned bglistributedlimbic and associativeortico-basal
ganglia brain networks (Kehags al, 201Q Rekeret al, 2010). Correspondingly, functional
magnetic resonance imaging (fMRI) studies have reported altered functioningstidahem
in reward graocessingWagneret al, 2007 Fladunget al, 201Q Murao et al, 2017, and
disturbed functioning of the ventrolateral prefrontal cortex and parahippatgyrus and
frontoparietal regiongluring tasks of cognitive flexibilityn people with AN (Satoet al,
2013 Lao-Kaim et al, 2015).

Structural MRI studie®f grey matterbroadly corroborateéhe findings of cortice
basal ganglia.deficits in ANResearch utilising voxel based morphometry (VBMhia acute
phase(i.e. the ill statepf AN have reported decreased grey matter volumesnamber of
regionsiincluding the anterior cingulate cortex and regions gbdhietalcortex (Jooset al,
201Q Friederichet al, 2012, the lateral occipital cortex and superior temporal gyrus

(Sudhanet al, 2010, as well asthe posteriocingulateand parahippocampal gyiBrookset

al., 2011)._In addition, reduced grey matter volumes have been reported in a number of

regions across the brain including the hippocampus, amyqdala, precuaeds,

superior/middle temporal gyrys.qg. Gaudicet al, 2011 Friederichet al, 2012 Amiantoet
al., 2013 Kohmuraet al, 2017 Martin Monzonet al, 2017 (seeEynde et al, 2012

Phillipou et.al, 2014a for reviews While there are broad commonaliti@sross this body of

work, thefindings areratherinconsistentindeed at least one groupas reported increased
grey mattervolumes in AN patienfSranket al, 2013. There are a numberf factorsthat

may contribute’to suchconsistenies including theuse of relatively small sample sizes

(typically_<20 AN patienty andthe disparate analytitechniques used acrostudies For
example, early, studiestilised manual tracing procedureghich can be compromised by
variable inter and intrarater reliability The subequentievelopment ohutomated computer
algorithmicVBM approaches circumvent these potential biggagicularlyregardinginter-
subject registratior(i.e. reducing anatomical variability between individubls spatially

aligning brain images to an anatomical referenéejditionally, other techniques doot
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control for differences in brairsize between individuals. This step is critical in VBM
analyses as any observed effegtay be due to global differences rather than regional
differences(Mechelli et al, 2005. Among the most robust current approaches to VBM
analysis isthe use ofdiffeomorphic anatomic registration through an exponentiated lie
algebra ralgorithm(DARTEL: Ashburner, 200/ a highdimensional inverseonsistent
diffeomorphic image registration methoathich has improvedietweenrsubjectregistration
accuracy Thisresults ingreater sensitivitycompared to earlieapproaches t&/BM pre-
processingKleinet al, 2009.

In the currenstudy,we utilised DARTEL procedures to compare regional grey matter
volumes betweencttely ill AN patientsandhealthy controlsaccounting for differences in
whole-brain”volume Additionally, we followed the accepted guidelines for reporting VBM
studies to facilitate comparison with other stuqRglgwayet al, 2008. It was hypothesised
that the AN group wouldexhibit redued grey matér volumes inthe basal ganglia, and
fronto-striatal and temporal region¥he AN group were not expected eahibit increased

grey matter in any region.

Materials & Methods
Participants

Twentysix females with AN and 27emale healtty control (HC) participants
underwent a magnetic resonance imaging (MRBnsGroups were matched on age and
premorbid intelligenceas determined by the Wechsler Test of Adult Reading (WTAR)
(Wechsler, 200l HCs were recruited through public advertisements, whereas AN
participants_were recruited through public advertisements; the Body Image &nd Ea
Disorders Treatment and Recovery Service at the Austin and St Vincent'salgspid The
Melbournel Clinie; all in Melbourne, Australia. All participants were English speaking and
had no histeryrof significant brain injury or neurological condit{salfrepor). Controls
were required=t0 have no history of an eating disorder or other mental {katfa®port in

combination'with the below)

The Mini International Neuropsychiatric Interview, 5.QMINI; Sheehanet al,
1998)was used to screen all participants £xis | psychiatric disordergincluding recent

substance abuseccording to the Diagnostic and Statistical Manual of Mental Disorders

(DSM-1V). The MINI was also used to confirm diagnoses of AN, with the exception of the

amenorrhea criterion which is himcluded in DSM5. AN was required to be the primary

This article is protected by copyright. All rights reserved



diagnosis of the AN group. AN participants with comorbid psychiatric conditions, other than
psychotc conditions, were not excluded as this would not have represented a typical AN

sample.The following comorbid conditions were identified in the AN group: current

depressive episode (n= 18), dysthymia (n= 15), current manic/hypomanic episode (n= 1),

current panictdisorder (n= 4), social anxiety disorder (n= 10), obsessive compulsive disorder

(n=_16), fposttraumatic stress disorder (n= 4), alcohol dependence (n= 2), substance

dependence (n=1), bulimia nervosa (n= 4), generalised anxiety disorder (ri2s\tBjatric

medications included: selective serotonin reuptake inhibitors (n=11), atypical antipsychotics

(n=12), benzodiazepines (n=6), serotenaradrenaline reuptake inhibitors (n=3),

melatonergic_antidepressants (n=3), noradrenergic and specific serotonergic antidepressant

(n=1) andyclopyrrolones (n=1Fating disorder symptomatology waderrogatedvith the
Eating DisordeExamination Questionnaire (EB®) (Fairburn, 2008(Table 1).

[TABLE 1]

Institutional.review board statement

The study was granted independent ethics approval by the Human Research Ethics

committees at. St Vincentdospital, Austin Health and The Melbourne Clinic. In addition,

the study received expedited ethics approval from Swinburne’'s Human Reseaich Ethi

Committee and was reqistered with The University of Melbourne Health Sciences Human

Ethics SubCommittee, onthe basis of the prior St Vincent's Hospital review. Written

informed consent was obtained from all participants.

MRI imageacquisitionparameters

A Tl=weighted spoiledMPRAGE image was acquired sagitally (bandwidth= 170
Hz/Px, TR=1900ms, TE=2.52ms,echo spacing=/.5ms, flip angle=9°, field-of-view=

350x263x350mm, voxel resolutiontx1xlmm, slice thicknesstmm), on a Siemens Tim

Trio 3 Teslarsystem with a 32 channel head coil at Swinburne University of Technology

(Melbourne, Australia).
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MRI image preprocessing and statistical analysis

All aspects ofpreprocessing and statistical analyses were performed usikiiSP
(Wellcome Department of Imaging Neuroscience, UK), running on Matlab 2014a
(Mathworks, Natick, MA, USApsdetailedin Ashburner (2010)images were first manually
realigned toMontreal Neurological InstituteMNI) space.Initially, MRI images were
segmentedinto ~grey matter, white matter and cerebrospinal fluid using the unified
segmentationsmodé€Ashburner & Friston, 2005 Subsequentlya grey matter template was
createdusing=RARTEL procedures that determines the deformations that best align the
imagesvia' iterative non-linear registation (Ashburner, 200y This template was avped
(normalised) intostandard stereotactic space (i.e, MNI spaead the parameters of this
transformation were applied to individual grey matter imag@smalisation)which were
subsequentlynodulated to preserve the intensities of the origimalges The voxelsize of
the normaliseddimages was 1.5 x 1.5 x 1.5°miRhesenormalisedimages were spatially
smoothedwitha 8mm FWHMGaussiarfilter, and submitted to statistical analysgngthe
general linear model approach in SPM12.

The smoothed grey matter images were correctetalrintracraniabolume(sum of
grey matter, white matter and cerebrospinal flumdifferencebetween group$>.05) using
proportional'sealing, then submittedtiwo-sample tess, from which thecortrasts of AN >
HC and+«HC > ANwere computed. Standard thresholdioigt-mapswas used to make
statistical inferenceshat is,by applying an uncorrected voxwise thresholdsee results for
more detaily and correcting for multiple comparisons at the cluster level using fawsky

error (FWEyp'<,.05) with an absolute threshold mask ofReBions occupied by significant

clusters were.détermined via visual inspection and the use of xjView.

Clusters of significant group difference in grey matter volume were correlated with
body mass index (BMI) and illness duration as potential indicators of mabmutaindwith
EDE-Q scores for each group to examine relationship betwekmetric differencesand

eatirg disorder ) symptomatologyvith exploratory Pearson’s correlationsGiven these

analyses involved exploratory correlations, a stringent alpha of 0.01 was salgdtes

acknowledged that Bonferroni corrections in such circumstances are too strincs

were identified with an alpha >0.01 and <0.85forced entrylinear regression analysis was

performed (‘enter’ method) for significant correlations, with EQEand BMI as predictor

variables of grey matter volume of specific clusters.
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Results

Primary analyses

The AN) group showed significantly reduced global grey matter volumes
(F(1,52)=4.921, p=.031), but no difference in global white matter volumes (F(1,52)=1.732,

p>.05), relative to HCNo significant clusters of increased grey mattelumes were found

in the AN participantscompared tdHC. In contrast, widespreackdudions in grey matter
volumes werefound in AN compared to HC, and are detailed bel®mce the regional
differences_'bled’ into multiple brain regions in a cluster, we employed a djramelwise
thresholding(p<.0001, p<.0005, and p<.001) approach in conjunction with the above stated
cluster thresholding (FWE p<.0%) facilitate exploation ofregionalgrey mattedifferences
between the groups

Significantly reduced grey matter volumes were found in ANivie clustersat the
strictest voxelwise tieshold of p<.0001 (clusters-B), and a further five clusters with n@or

standardthresholds (clusters-8 (see Table 2and Figure L Cluster Aincluded anterior
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portions ofthe left middle and superior temporal gyrodmann AreaBA) 21), whereas
cluster Bcomprised homologous regiois cluster A in the right hemisphere, but included
more posterior regions involved in auditory processing (BA 21, R8fpite the stricter
thresholdingCluster Coverlappedhe left inferior frontal and superior temporal gyear the
rolandic operculunwhile Cluster Dmapped ont@n area of the left parietal IofBA 5), and
Cluster Ewas consistent witthe right middle frontal gyrus.

At the voxelwise threshold of p<.0005, three clusters of reduced grey matter volume
in AN were identified.Cluster F included aegion covering the right middle frontadnd

precentralyyri, supplementary motor area gmoteriorcingulate gyrusCluster G included

region of the left inferior parietalobe near the supramarginal gyrushereascluster H
coveral part of the brainstem including part of the substantia ragdhventral tegmental
area At the'standardvoxelwise threshold of p<.00Cluster Ishowed reduced volumes in
bilateral ventral striatal nuclancluding the nucleus accumbensand Cluster J showed
reduced volume in thieght posterior cerebellar corteand cerebellar tonsil

[FIGURE 1]

[TABLE 2]

Correlational analyses

Significant correlationsand trendsare presented in Tabl@ and Figure2a-b No
significant correlations were found for the AN group betwasey of the clusters and illness
duration. Correlations with Cluster Kbrainstem)resulted in a number of significant
correlatiors; for.the AN group including negative correlations with eadbscalef the EDE
Q. A trend‘for apositive correlation of moderate strengths found between Cluster H and

BMI forboth™groups, ana trend for aweak positive correlatioior Cluster | (bilateral

ventral striatumpand BMI for the AN group only.

A forced entnflinear regression analysis waarformed on the AN group with global
EDE-Q scores_and BMI as predictor variables of Cluster H grey matter volume (Table 4).
Global scores on the EDE-Q explained 42% of the variance in grey matter volumestef Clu

H in AN patients. Together with BMI, 56% of the variance was explained.

[FIGURE 2]
[TABLE 3]

This article is protected by copyright. All rights reserved



[TABLE 4]

Discussion

Thecurrentstudy comparé grey matter volumes betweargroupof individuals with
AN to a group ofHCs utilising VBM analysis.As hypothesised, the ANjroupwere not
found to displayincreasedyrey matter volumesf any brain regiomn comparison to theiC
group.Reduced grey matter volumes were found in the basal gamghdral striatum and
temporal certicgsin addition to widespread reductions throughout a nurkzen regionsn
AN. Reducedgrey matter volumein AN patientsat the strictest voxelwise threshold
(p<.0001) vereobserved in widespread cortichtain regions,including within bilateral
portions ofthe middle and superior temporal gyri, the left inferior frontal and superior
temporal gyriandregions of the left parietal lobe and the right middle frontal gyrus. At more
standardhresholdgp<.0005 and p<.001), the supplementary motor area and cingytate
the left inferiorparietal lobe, the brainstem including part of the substagt@aamd ventral
tegmental areathe ventral striatum and the right cerebellum also showed reduced grey
matter volumesin AN.

Deficits«in these brain regiorere cosistentwith cognitive deficits associated with
the illness Reduced volumes of the temporal corte® consistent with deficits in affect
perception often reported IAN (Janschet al, 2009; whereas reduced volumes of the
inferior parietal lobe may contribute to thiessuospatial processing deficits reportedtire
disorder Gtedalet al, 2019. Further, deficits in the superior temporal gyrus are associated
with difficulties in social cognitiorfPelphreyet al, 2009, and reduced grey matter volumes
in this regionpotentially contribute tdhe social functioning impairments often observed in
AN (Russellet aly 2009. In addition, he ventral striatums heavily involved in responses to
reward and-deficits in thigreasupportfindings of altered reward processingAN (Wagner
et al, 2007%:-Fladunget al, 2010).

Thissstudy also revealed a number of significant correlations between regions of
reduced grey.matter and symptomatology in AN. Specifically, grey mattemes of the
brainstemcluster(including the substantia nigra and ventral tegmental avaa)negatively

correlatedwith EDE-Q global scores and each of the EDEsubscalesand positively

correlated(trend only) with BMI in AN. Similarly, ventral striatalvolumes wee also

positively correlated with BMI irAN; again, only at a trend levelhese findingsuggest
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increased eating disorder symptomatology with decreased brainstem volumastearttifor
reduced BMI with decreased volume of both lbin@instem andentral striatumimportantly,
eating disorder symptomatology (i.e. EfQEglobal scores) explained 42% of the variance in
grey matter volume of the brainstem cluster, with BMI contributing forther 14% of this
variancersuggesting a strong association of redusktl to reduced grey matter volumes in

this region.
Reductions inventral striatalvolumes witha trend forreduced BMI suggests that

deficits ingreward processing often reported in AN may be influenced by detreadg
weight, and. that increasing an individuaB&I may consequentlyimprove symptoms of
anhedoniakurther,the brainstem cluster, which included part of the basal ganglidhe
substantianigraand ventraltegmental area which aretrongly linked both to reward
processingand”the production of saccadic eye movemdhikosaka & Wurtz, 1985
Zaghloulet al, 2009, was found to correlate with AN symptomatology (EREscoresand
a trend for BM). Further,BMI & global EDE-Q scoreswere found to be significant

predictors‘of grey matter volume in this area, explaining 56% of the vaiiamgrey matter
volume inthis/cluster. This finding suggests that eating disorder symptomatology ma
contributete reductions of grey matten the substantia nigra and ventral tegmental.area
Grey matter reductions within this region may also underpin the anhedonia expkiience
AN and the_saccadic eye movement abnormalities reported in the i(Pledigoou et al,
2014k Phillipouet al, 2015a Phillipou et al, 2015k Phillipou et al, 201§. Therefore,
improvements in eating disorder symptomatology may influencesiteration obrainstem
grey matter volumes and potentially result in improvementsi@aracognitive deficits
associated with the illnegse. reward processing and saccadic eye movement fahctio
Previousstudieshave reportedhat many grey matterolume changesobserved in
acutely ill patients normalise iecovery from AN(e.g.Lazaroet al, 2013 Cowdreyet al,
2014 Banget.al/2019, though others have reportiht somedeficits persist(e.g.Katzman
et al, 1996 Frank et al, 2013 Martin Monzonet al, 20173. Nonetheless, thgolumetric

changes observed in the acute stasg have a rolen the maintenance &N. For example,

grey matteeficits in cingulate regions may be involved in motivational aspects of recovery
(Holroyd & Yeung, 201p reduced volumes in parietal regions may contribute to deficits in
the perception of one’s bodkirough difficulties in spatial and visuitegration(Andersen,

2011) and atrophy in superior temporal regions may be related to problems in grasping the

intention of othersKelphreyet al, 2004).
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A number of potential limitations related to this study must be noted. Firstly, the

correlations reported are exploratory in nature; thus, the interpretation of the relationship

between grey matter volumes, and eating disorder symptomatology and BMI enust b

interpreted with caution. Secondly, the AN group had a number of psychiatric comorbidities

and were on=a‘variety of medications which have the potential to influence the findings

Thirdly, itis not possible to differentiate whether grey matter volumeghe result of AN

itself or the consequences of malnutrition and starvatiestigating individuals who are

weightrestored from AN may be beneficial for this purpose, however, thetéwnyeffects

of starvation remain unclear.

A major_strength of this study is the sample assessed, i.e. a large sample of individuals
in the acuté phase of the illnessis now essatial to extend thse findings, utilising the
methodological” advantages of this study, to explore structural chamdglesse recovered
from the illnessThe findings of the current studjo, howevershed light onto thdrain
regions of structural deficit iacuteAN, which may be involved ithe maintenance of the

illness andpossibly everpresent prior to illness onsétowever, this remains unknown as it

is incredibly.difficult to determine differences that are present prior to illness onset and are

not related.to.the effects of starvatidrhe brain regions of deficit found in this studse

however,also consistentvith replicated cognitive deficits reported tine illness therefore
potentially contributing to AN symptomatologizurther, the relationship betwe@&DE-Q
scores anBMI, and regions of reduced grey matter heavily involve in reward processing,
suggestthat improvements in eating disorder symptomatology may resuiedoration of
these brain regiongndconsequently result in improved responses to reward in individuals
with AN. In addition, the findings of this study suggest tti@rapiestargetingcognitive
processesuch _as reward processing, andvel eye movement based taskBich utilise
overlapping brain areasjay promote improvemenis brain regionsunderpinningAN, and

require further.investigation addition,a further translational implication maye toinclude

the use of'brain:stimulation techniques targeting these neural regions to improve symptom
AN.
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Abbreviations

AN= anorexia nervosa

BA= Brodmann Area

BMI = body mas index

DARTEL= "diffeomorphic anatomic registration through an exponentiated bebed
algorithm

DSM= Diagnostic and Statistical Manual of Mental Disorders
EDE-Q= Eating Disorders Examination Questionnaire

FWE= family wise error

HC = healthy,econtrol

MIN I= Mini International Neuropsychiatric Interview

MNI= Montreal Neurological Institute

MRI= magnetic resonance imaging

VBM= voxelbased morphometry

WTAR= Wechsler Test of Adult Reading
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Table 1: Clinical characteristics

AN HC

M (SD) M (SD) F P
Age 22.81 (6.67) 22.46 (3.16) 0.06 0.81
WTAR 104.77 (8.11)  106.19 (7.11)  0.46 0.50
BMI 16.63 (1.19) 22.60 (3.53) 67.08 <0.01
lliness Duration 6.42 (7.43) - - -
Age of lliness Onset 16.04 (3.40) - - -
EDE-Q Restraint 3.93 (1.42) 0.58 (0.63) 116.84 <0.01
EDE-Q Eating.€oncern 3.78 (1.24) 0.25(0.31) 188.56 <0.01
EDE-Q Shapée Concern 5.01 (0.90) 1.17 (0.84) 236.44 <0.01
EDE-Q Weight Concern 4.50 (1.41) 0.66 (0.82) 136.11 <0.01
EDE-Q Global Score 4.30 (1.12) 0.67 (0.54) 211.44 <0.01

AN: Anorexia.nervosa; HHealthy control; WTARWechsler Test of Adult Reading; BMI

Body mass,index; Age, lliness duration and age of iliness onset reported in years.
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Table 2: Significant differences in grey matter volume, healthy controls > anorexia

nervosa
Cluster  No. of Voxels Peak t Pexak MNchoordlr;ate: Voxel Level Thresholc
Cluster’A 1352 6.03 -54 0 -20 p<0.0001
Cluster B 2166 6.02 57 21 -14 p<0.0001
Cluster C 1251 590 -46 6 28 p<0.0001
Cluster'D 294 515 -14 -40 48 p<0.0001
Cluster E 350 5.04 24 -8 52 p<0.0001
Cluster'k 1064 449 23 -42 51 p<0.0005
Cluster/G 573 441  -47 -45 42 p<0.0005
Cluster H 735 4.24 -5 -24 -9 p<0.0005
Cluster | 1174 458 -3 11 -15 p<0.001
Cluster J 985 437 21 -63  -41 p<0.001

Note: MNI=,Montreal Neuroimaging Institute; cluster level threshold = p<05, family-wise

error_corrected; main regions included in the clusters: A= left middle & superior temporal

qvri, B= right ' middle & superior temporal gyri, C= left inferior frontal & superior temporal

qvyri. D="left.parietal lobe, E= right middle frontal gyrus, F= right middle frontal & precentral

ayri, G= leftsinferior parietal lobe, H= brainstem, |= bilateral ventral striatal nuclei, J= right
posterior cerebellar cortex & cerebellar tonsil.
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Table 3: Significant correlations between clustersand other variables

Cluster Variable AN e
r p r p

H EDE-Q Restraint -0.57 0.004 0.03 0.870
H EDE-Q Eating Concern -0.59 0.002 0.39 0.060
H EDE-Q Shape Concern -0.57 0.004 0.23 0.259
H EDE-Q Weight Concern -0.61 <0.001 0.33 0.103
H EDE-Q Global -0.65 <0.001 0.29 0.167
H BMI 0.46 0.017 0.60 <.001
I BMI 0.39 0.044 0.32 0.134

Note: AN= anorexia nervosa; HC= healthy control; BMI= body mass index; EDE-Q= Eating

Disorder Examination Questionnaire
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Table 4: Linear mode of predictors of Cluster H grey matter volume_in_anorexia

nervosa participants

B SEb B
Step 1

Constant 0.18 0.01

EDE-Q Global -0.01 0.00 -0.65***
Step 2

Censtant 0.09 0.03

EDE-Q Global -0.01 0.00 -0.62***

BMI 0.01 0.00 0.38*

Note: R = 0.42 for Step 1AR? = 0.14 for Step 2 (p<0.001); EDE-Q Global = Eating

Disorder Examination Questionnaire Global Score; BMI = body mass index
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