A Comprehensive Volumetric Analysis of the Cerebellum in Children
and Adolescents with Autism Spectrum Disorder
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Magnetic resonance imaging (MRI) and postmortem neuropathological studies have implicated the cerebellum in the
pathophysiology of autism. Controversy remains, however, concerning the nature and the consistency of cerebellar
alterations. MRI studies of the cross-sectional area of the vermis have found both decreases and no difference in autism
groups. Volumetric analysis of the vermis, which is less prone to “plane of section artifacts”” may provide a more reliable
assessment of size differences but few such studies exist in the literature. Here we present the results of a volumetric
analysis of the structure of the whole cerebellum and its components in children and adolescents with autism spectrum
disorders. Structural MRI’s were acquired from 62 male participants (7.5 to 18.5 years-old) who met criteria for the
following age-matched diagnostic groups: low functioning autism, high functioning autism (HFA), Asperger syndrome,
and typically developing children. When compared to controls, the midsagittal area of the vermis, or of subgroups of
lobules, was not reduced in any of the autism groups. However, we did find that total vermis volume was decreased in the
combined autism group. When examined separately, the vermis of only the HFA group was significantly reduced
compared to typically developing controls. Neither IQ nor age predicted the size of the vermis within the autism groups.
There were no differences in the volume of individual vermal lobules or cerebellar hemispheres. These findings are
discussed in relation to the pathology of autism and to the fairly common alterations of vermal morphology in various

neurodevelopmental disorders.
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Introduction

Autism is a neurodevelopmental disorder characterized by
impaired social interaction, deficits in communication,
and restricted activities or interests [American Psychiatric
Association, 1994]. The potential role of the cerebellum in
the pathophysiology of autism spectrum disorders has
been explored by many groups (Table I). Subject ages and
clinical characteristics in these studies vary widely and
conclusions concerning the type and consistency of
cerebellar pathology remain controversial. Some studies
suggest that cognitive functions that are mediated, in
part, by the cerebellum, such as imitation, are impaired in
autism [Rogers, Hepburn, Stackhouse, & Wehner, 2003;
Williams, Whiten, Suddendorf, & Perrett, 2001].
Previous MRI studies have found that the midsagittal
area of the vermis, particularly lobules VI-VI]I, is reduced
in idiopathic autism and autism with co-morbid condi-
tions, such as Down syndrome [Courchesne et al., 1988,
1994; Hashimoto et al., 1995; Kaufmann et al., 2003;
Schaefer et al., 1996]. Other studies, however, have found
no evidence of vermal hypoplasia in autism [Holttum

et al., 1992; Kleiman, Neff, & Rosman, 1992; Manes et al.,
1999]. A recent meta-analysis of the issue of vermal
hypoplasia [Stanfield et al., 2008] concluded that the area
of lobules I-V and VI-VII of the vermis are reduced in
individuals with autism compared to controls [Stanfield
et al., 2008]. Moreover, the authors suggested that the
vermal reduction was negatively associated with age and IQ.

Postmortem neuropathological studies also suggest
that the cerebellum may be abnormal in autism; lower
Purkinje cell density has been reported for both the
vermis and hemispheres [Bailey et al., 1998; Kemper &
Bauman, 2002]. A caveat to these studies is that Purkinje
cell loss is associated with seizure history [Crooks,
Mitchell, & Thom, 2000], which was present in some
cases. However, Whitney, Kemper, Bauman, Rosene, and
Blatt [2008] recently suggested that only about half of
postmortem autism cases show a lower density of
Purkinje cells [Whitney et al., 2008].

Part of the ambiguity related to cerebellar pathology in
autism may also be due to limitations in the strategy
employed in early MRI analyses. For example, most
studies measured the midsagittal area of the vermis as

Additional Supporting Information may be found in the online version of this article.
From the Department of Psychiatry and Behavioral Sciences, University of California, Davis, M.LN.D. Institute, Sacramento, California (J.A.S., C.M.S.,

B.L.G.J., D.G.A.)

Received February 10, 2009; revised August 31, 2009; accepted for publication September 3, 2009
Address for correspondence and reprints: David G. Amaral, University of California, Davis, The M.LLN.D. Institute, 2825 50th Street, Sacramento,

CA 95817. E-mail: dgamaral@ucdavis.edu

Grant sponsor: NIH; Grant numbers: MH41479; MH01832; MH01142; MH50047; NS16980; HD31715; Grant sponsor: UC Davis M.LLN.D. Institute.
Published online 2 November 2009 in Wiley InterScience (www. interscience.wiley.com)

DOI: 10.1002/aur.97
© 2009 International Society for Autism Research, Wiley Periodicals, Inc.

246 Autism Research 2: 246-257, 2009

INSAR



G0°0<d ‘DI
pue Ag] 40} aWNjOA
1e1)3qa492 Pa1daLI0)

2000°0=d Ag1 10} UOI3I81I0D 104
‘3WN|0A IB]}3qRI JNOYILM SWNJOA wn)}9galad
pa3oauI00un Je)9gaied Jebie 18303 JO SWN)OA SUOLILpUOD 9ewa] 91 dews] 6
68°0 =d ‘TIN-IA IIA-IA AT Ut IIA-IA “A-T Jeatbojounau 91eW 0¢ 9eW 9¢
65°0=d ‘NI 9UBIBYLp B3R ON $9INqo] Jo ealy piqiowo) al o¢ asy € siedk 6z-21  [£66T] e 39 udAly
sjten}
suoLjewWIO)|ew J13S1INE INOYIM pue
ueLy) pue ym sdnoub sapiosiqg siapiosiqg
awolpuAs s33ay ut J139uaboinay swos ul X-IIIA ‘TIA-TA ‘A-1 J13ausboinay 68 [9661]
G0°0>d ‘TIIN-IA TIA-IA 40 eie padnpay S31NQO] JeWIBA JO B3y SUON alL szt asy €1 sieak 06-0 e 39 IayaeYdS
saIn3onils
wajsutelq 10¥
pue SLuIdA ejebuoiqo epnpaw
@l pue qsy ut JO eale padnpay ‘suod ‘uteigpLw
100°0 = 4 ‘wajsuteg suod pue wajsulelq Jo ealy S91ewaq 9g
al pue qSy ut ‘TIN-IA ‘N1 40 X-IIIA ‘TIA-IA ‘A-T 1opiostp deW 92 [s661]
100°0 = d ‘SIWIBA ymoib pajess)ady S9INQO] JEWIA JO By RyiapoesadAy alLzzt asy 20T sieah pz-syjuow ¢ ‘Je 39 ojowLyseH
104 dlewsy / aleway / [766T] yoes
1€0°0 =4 ‘IIA-IA IIA-A °A-T deW e de ¢ pue ‘pussumoy
1L°0=d ‘NI TIA-IA 40 eaie paonpay S3INQO] 1WA JO BaLY awolpuhs x a)tbely aL iy asy z¢ sieah oy-g ‘3Usay2Ino)
sdnoib Aiojsiy
INZLdS JO dDUISR
4o uosuedwod Aijpwiueyd dduasqe
[1°0=d UL PUNOJ SSIUBIBYHLP ON pajsisse-1a3ndwo) Udsqe Kio3sty
‘9]2L3USA yuno4 sdnoib Aio3sty by a7aL3usA yno4 SsauLswn)d fiojsty aunziss /1 aInziss 01
G%'0=d ‘IIN-IN  2Inz1ds jo uosuedwod IIA-IA ‘A-1 10 Jowaly Aio3siy aunzwads 11 Alo3sty aunzies ¢ [z661]
660 =d ‘NI UL PUNOJ SIJUBIBYLP ON S3]NQO] 1WA JO B3y ‘eixeje jo AiojstH S]0J3U0D 82 asy €1 sieak g97-/"2 "|e 39 ueway
d)ews
104 suontpuod
S1°0=d 'X-IIIA 9ILIU3A yUno4 Jeatbojounau [266T] sdmiyd
1€°0=d ‘TIN-IA ‘TIIA ‘TIA-IA “A-T pLgiowo) dde1 ‘DI ‘$3S “9pusb pue ‘siapues
¥€'0=d ‘NI pUNOJ SIIUBIBYHLP ON S3INQO] JeWIBA JO Baly uolyepiejas jejualy  ‘obe 1oy paydjew gl 8T V4H 8T sieaf gy-11  ‘Maysuly ‘Wn3oH
V4H UL ease uleiq Jabieq
9OLIJUA Y1NOoy JO ealE
DI pue abe ‘ease 33 UL SIIUIIIYLP ON 104
uteiq 1o} pajsnlpe sem dnoib paydzew-p1 eale ulelq
sis)Aeue soueueAlNW j0U INg paydjew-abe 1e33tbespLw ‘a)dL3usA S3S pue
© I9]Je IUBIYLP ON 0} pasedwod uaym ypnoy ‘IIA-IA ‘A-1 9)ews abe oy paydjew g1 sieah g ‘3algns T
SaINseaw oljel pas() TIA-IA 40 e3ie padnpay S31NQO] JEWSA JO B3y fi03s1y aunzias DI 104 paydjew G asy ST sieah €681  [2661] "€ 19 udAld
SUOL}LPUOD dews € [8861] unassaH
66°0<d ‘IIIA 10¥ 1eatbojoinau den 6 dewsq ¢ pue ‘ssaid
€00°0 =4 IIA-IA IIIA “TIA-A °A-T pigiowo) (a1) 9eW 91 ‘ausayauno)
65'0<d ‘N1 TIA-IA 40 eie padnpay S31NQO] JeWISA JO BaLY uolyepiejas jejualy  butdojansp-Aneatdh] g1 asy 81 sieaf 0g-9  -Buna) ‘susaydino)
aouedytubis
1eaL3sLyels (s)Butpuy Arewuy JuBWAINSEIY BLI9JLID UOLSN|IX] (s)dnosb uosuedwo) dnoib qsy abuel aby 1eak “ioy3ne 3si14

19piosiq wnipads wsKny uL a1ndNnLls 1e))agala) uo sbulpuly utey

‘T 919¢el

247

Scott et al./Cerebellar structure in autism

INSAR



X4 ut Ajuo
Snjejs wsine uo

10000 =4 juspuadap ease
‘al 03 patedwod eLueIdRIJULTIA-TA wsiyne
wstne+sq pue sq wstyne +X abeyy €1
uL eale |etuesdeIuT dyjedotpt ut IIA-TA 10¥ wsiyne
250°0 =4 ‘IIN-IA :aSY JO eale padnpay e3IE |BLUBIIRIIUL JO +awoupuAs
980°0 = d ‘X-IIIA wsLne+sq soLjel se passaldxa abe oy payajep umoq 91
€00°0 =4 ‘TIA-IAX4 pue wsiyne+x4 ut dle SAINSEIW eWII) 9ews Ruo x atbesq 6 wstine
€00°0 =4 ‘X-IIIA X-IIIA pue IIA-IA X-IIIA ‘TIA-IA ‘A-T sansst yyjeay  Ajuo awoupufg umog 1T dwjzedotpy 01 [€002]
010°0 =4 ‘IIA-IA:SA 4O e3Je padNpay S31NQO] 1WA JO B3y 1ejusw jo A103stH al ez asy 6¢ sieak 6-¢ "|e 39 uuewyney
9ews
G0°0<d ‘A4l Ayjedojeydadug
104 SWNOA 1]|9GaII Agl 0} Aipswoydiow paseq-1axop S11019p J1010WLIOSUSS
pa328.10) 1euotpiodoid WN))9ga4ad pue uleiq Ainfut peay jo AiojsiH
600°0 = 4 ‘dwn)oA Sem aWnjoA 18303 UL J3}jBW ILYM fi03sty ainzias
Je)9gauad pajdaLIoduf Jey)aqatd Jabieq pue Aeib jo swnjop uoljepiejal jejusiy alL st asv L1 s1eak 11—/ [€002] "1e 39 MaquaH
G0°0<d ‘al
A QSY 104 p3323110) Agl 0}
€0°0=4 ‘aL 1euotpodoud SON-Qad 91 alewsq £
‘A SV 10} awnoA SeM 3WN|oA pub usieae) suorjLpuod aa i 9lew 8¢
1e7)9galad pajdaLoduf Jejjagalad Jabieq WN))9Ga42 JO WO\ 1eatbojoinau pigiowo) al 92 asy sv sieak gy-¢  [2002] 1B 39 Syleds
pajLe3-auo sabe e
G0°0>d ‘eale JIA-TA 38 TIA-IA pa3npay
10°0>d sabe 7je je
‘awnoA Jopew ety sy ut Jepew Aeib ssa X=IIIA ‘TIA-IA ‘A-1 aad
100°0>d QSY UL 1333eW 33LYM S3NQO] 1WA JO BALY SUOL}LPUOD pLgJowo) [t002]
‘3WNJ0A I333eW SLYM 197216 ‘sieahk £-z wol{ SaWNoA Ja3jew jym pue Aein 9)ews al 2s asy 09 91-2 "]e 33 ausayaIno)
d)ews
€2°0 =d ‘SIWIdp 23JE JRWIdA 10¥ 10351y aunziag
G0°0=d uL saduaIayLp ON X-IIIA ‘TIA-IA ‘AT suoLlpuod
‘salaydstway Jeyjagaia) Mgl 1o} S9)NQO) JeW.IdA JO Baly 1eatbojoinau [1002] ueaeysay
€0°0=d UOLJIRAI0D YIM SLWIdA pue 1o Jejuswdojanap  ispuab ‘S3S ‘edes ‘abe pue ‘Bjsusley
‘BWN|0A JB)J9GaI9)  SWNJOA IB)|9GaIad Jabie WN))9gaiad Jo awnjop piqiowo) ‘DI 404 paydjew gl 22 asy 2z sieak gg-z21 ‘maysuLly ‘uepiey
104 v41 1 pue dnoub
eale JeLuBIdRIIUL JO uosuiedwod ayj jo
26'0 =d ‘X-IIIA uorpiodoud e se ¥ Ruo ut paysey PI
89°0 =d 'TIA-IA X-IIIA ‘TIA-IA dnoub uosuedwod ut abe jejusw
18°0=d ‘NI B3I UL 9DUBIBYHLP ON ‘A-T 40 ealy 0€ <1025 SYV) 104 paydjew /T V41 22 sieaf 12-9 [6661] '1e 19 Sauely
ouedytubis
1ea13s13e3§ (s)butpuy Arewnd JusWaINSeI|Y BLIDILID UOLSN)IXT (s)dnoib uosuedwo) dnoib qsy abuel aby 1eak “Joyne 3sil4

panuiuo) ° 31qeL

Scott et al./Cerebellar structure in autism INSAR

248



*burdojanap AeatdAy ‘gl ‘awmoa uteiq 1e303 ‘Agl ‘3sauajul o uolbal ‘10Y ‘dwoipuhs x 9)Lbesy ‘x4 ‘swoipuhs umogq ‘sq ‘Aejap jejuswdolpAsp ‘qQ ‘1apiostp wnudads wsine ‘gsy

S3]BLIEAOD SB SWN|OA
le})agalad pue Japuab
‘abe yum 100°0>d

‘suoLbal paonpay
9]BLIBAOD B SB
BWN|OA JeLUBIdRIIUL
YIm G0°0>4
‘45D jesayduad
paseasoul pue

WN)|3ga1ad paonpay

SUOI1231102 BWNJOA
Tlews yitm 60°0>d
‘suoLbas paonpay

WM 10 ‘W9
‘3WN)0A 1230}
UL SIDUBIRHLP SN
100°0 = d 9PHJuUdA
piLy3 pazdaLiodun
2€0°0 = 4 @PLIUBA
1e1938] pajoaLIodun
2€0°0 = 4 ‘awn)oA
1e1)3qa432 PajdaLIodUN

SN “SWNoA uteig oym

SN ‘19138 33YM 1e30L

800°0=d 45)
¥00°0=d

‘1a13eW Aein jejo)

al o3
pasedwod sawnoA
pue seaie padnpai aq

@l 03 pasedwod
IIA-IA pue A-T
$3)NqO) 4O BAIE PAJNPAY

sdnoib e ut 45)
Jesayduad paseasou]
sdnoib
1]e uL SwnjoA
NY)3galad padnpay
auyplw buoje
XI-IIIA S91NqO] padnpay
IIA 9Inqo) duaydsiway
ybu pue 39) padnpay

aq pue qL 01 pasedwod
pabiejus jou
SEM SWIN|OA JB)19]aID)

AdL 0}
ajeuorpodoidsip
awnoA 4S) Jabieq
Agl 03 jeuorniodoid sem
AWNOA Je]j2gasad Jabie]
@Sy ut wn)agaud
uL Jeprew
9LYM pasealdaq
QSy utL awnoA
4S) paseanu]
asy ut
1910w Aesb
18303 padnpay

X-IIIA ‘IIA-IA

‘A-T S9)NQO] SLULIBA

JO BaJe {WN])9gaId pue
WNIgalad 3y} JO BWN|OA

10y
45D 1esayduad pue 4s)
1EJNOLIUDA ‘WN])3GaID
‘s3([0] 1ed1 10D ‘ddeds
JeULBIDRIUL JO BWN|OA

Ajswoydiow
paseq-19xop

91EMYOS UO
13BZLUWIXB|y UOLJEWILIS]

WN)}9ga.ad pue

uleiq 1e303 ut 4S)

pue J333EW SJLYM
pue Aeib jo awnjop

poy3aw pajewolne-Lwas
T ELEIER]
pue uteiq 18303 ut
4S) pue Ja33ew d3LYM
pue Aeib jo awnjop

Appwoydiow paseq-1axop
wny)9galad
pue uteiq 1e303 ut
4S) pue Ja33ew ajLym
pue Aeib jo awnjop

Japiostp d138uab ‘ewnery
1e3euuad ‘uoLiLpuod
edLpaw pLgIowo)

WSIINe YIIM pajeldosse
Japiostp d13auab
‘sisoydAsd “Aunfut
peay ‘uoLpuod
1edLpaw pLgiowo)

X 9ibeyy
9ews

ssauq)L Jeatbojoinau
J9Y30 pue ‘ewnes}
peay ‘awoipufs
X 9)Lbeiy ‘Asda)dy

uoljepielal 1eIudp
ssauL
1e2160]04N8U Jay3o pue
‘ewnelsy peay ‘Asda)dy

dwoipuhs x aLbesq

Ainfur peay jo AiojstH

uoLjepie}al JRIUIY
SUOL3LpUOD JedLpaw

10 Ju3eLydAsd pigiow-0)

(318w 9)
aa vt
(318w 81)
aL 9z

(o1 €9)
alL 09

al €

aatt
aL vt

aLte

dews] T
9el 91
arst

(318w 8¢)
asv s¥
(a1eW %)
SON-0ad 9
(318w 12)
asy 8z
(o18W 12£)
dSv 08

asyv e

asv 1s

aALeu
-uoLyedLpaw
‘V4H 12

slewaq T
9el 91
ViH LT

sywow 85-9¢  [6002] ‘18 32 qqom

[6002]
sieak gG-81 ‘1e 3@ ueyeyey
sieak ¥¥-7  [9002] e 19 seloy

siedk €-6°1 [5002] "1 30 133)ZeH

s1eak g1/ [6002] e 32 uswned

[s002]

sieaf 41-8 "]e 39 UeUO)YIW

249

Scott et al./Cerebellar structure in autism

INSAR



well as defined lobule groups [Courchesne et al., 1988;
Gaffney, Tsai, Kuperman, & Minchin, 1987; Holttum
et al.,, 1992]. The cross-sectional area measurement is
dependent on only a single slice through the vermis.
Since slight variations in the orientation of the head can
profoundly affect the size of the vermal region, so-called
‘““plane of section’” artifacts may be easily introduced. The
midsaggital area measurement also does not assess more
laterally placed portions of the vermis. Recent volumetric
studies of the cerebellum have not addressed the
question of vermal abnormalities [Hazlett et al., 2005;
McAlonan et al., 2005; Palmen et al., 2005] but examined
total volume and tissue class volume differences.

The goal of this study was to carry out a comprehensive
MRI volumetric analysis of the cerebellum in male
children and adolescents with low and high functioning
autism (HFA), Asperger syndrome and typically develop-
ing controls. Traditional midsaggital measurements were
carried out with careful alignment of the brain. In
addition, the volume of the vermis, vermal lobule groups,
and cerebellar hemispheres were measured.

Methods
Participants

A parent or guardian for each study participant gave
informed consent, and children with typical cognitive
development gave their assent, to participate in these
studies as approved by the Institutional Review Board of
the University of California, Davis. Study participants were
recruited through local advocacy groups and the M.I.N.D.
Institute clinic. Seventy-two male volunteers between the
ages of 7.5 and 18.5 years participated in the study. All
participants were healthy volunteers who met criteria in
one of four diagnostic groups: low functioning autism
(LFA, n=19), HFA (n=19), Asperger syndrome (ASP,
n=16), and typically developing controls (CON, n = 18).
Diagnostic assessments were conducted at the M.I.N.D.
Institute clinic. The Autism Diagnostic Interview (ADI-R)
[Lord, Rutter, & Le Couteur, 1994] and Autism Diagnostic
Observation Schedule (ADOS-G) |[Dilavore, Lord, &
Rutter, 1995; Lord et al., 2000] were administered by a
clinician (B.L.G.J.), who had previously obtained relia-
bility with an author of these measures (C. Lord). An IQ
exam was administered to all participants. Depending on
verbal ability, the appropriate test was used from the
following: the Wechsler Intelligence Scale for Children,
the Wechsler Abbreviated Scale of Intelligence [Wechsler,
1999] or the nonverbal Leiter International Performance
Scale-Revised [Roid & Miller, 1997]. A full scale IQ of 70
divided the high and low functioning autistic groups.
Exclusionary criteria included diagnosis of Fragile X,
seizure disorder, tuberous sclerosis, a primary diagnosis of
obsessive-compulsive disorder, bipolar disorder or any

other major neurological illness. Details of the diagnostic
assessments are available in a previous publication that
included this cohort of subjects [Schumann et al., 2004].

Neuroimaging

A parent or guardian for each participant was present
throughout the duration of the scan in an adjacent
waiting room. Those study participants requiring anesthe-
sia to undergo MRI were imaged at the UC Davis Hospital
on a 1.5T GE Signa NV/I system (LFA, n=19; HFA, n=13;
ASP = 7). All remaining participants were scanned at the
UC Davis Research Imaging Center on a 1.5T GE Signa
NV/I system (HFA, n=6; ASP, n=9; CON, n=18). These
systems were calibrated prior to scan acquisition and
similar image acquisition on both scanners was experi-
mentally validated [Lotspeich et al., 2004].

The protocol for scanning each participant included a
three-dimensional coronal SPGR series (TR: 35ms; TE:
6ms; FOV: 24 cm; matrix: 256 x 256; section thickness:
1.5mm; number of slices: 124; total scan time:
14:24min), which was used for the volumetric assess-
ment of the cerebellum. In addition, a two-dimensional
sagittal T1 spin echo, two-dimensional PD/T2 interleaved
double echo, and a diffusion tensor sequence were
collected on all participants for other analyses.

Upon review of the images, ten participants were
excluded from the study due to excessive movement,
distorted images resulting from orthodontics, or addi-
tional diagnostic information that precluded the series
from being used (LFA, n=1; HFA, n=4; ASP=1; CON,
n=4). Within each diagnostic group, excluded partici-
pants did not differ from included participants with
respect to age, IQ, or symptom severity.

Structural Analysis

Each coronal SPGR series was imported into ANALYZE 6.0
[Robb et al.,, 1989] and converted to cubic voxel
dimensions of 0.9375 mm using a cubic spline interpola-
tion algorithm. Images were reoriented along an axis
through the anterior and posterior commissures. Mea-
surements of total cerebral volume used in the current
study were described in a previous report [Schumann
et al., 2004]. Briefly, each series of images was edited
manually to remove nonbrain structures, the brainstem,
and the cerebellum. Using a Gaussian cluster multi-
spectral thresholding tool, the ventricles were defined
and excluded. Total cerebral volume was calculated from
a mask of the remaining brain tissue.

Prior to volumetric analyses, the midsagittal area of the
cerebellar vermis was measured (Fig. 1A). The vermis was
outlined on a single section that approximated as closely as
possible the midline of the brain. The vermis was subdivided
into lobule groups including lobules I-V, VI-VII, and VIII-X
along the primary and prepyramidal fissures.
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Figure 1.

Sagittal series of MRI sections illustrating lobar segmentation of the cerebellum. Panels are arranged from midsagittal (top

left) to lateral (bottom right). Lobule groups: I-V, lobules one through five; VI-II, lobules six through seven; VIII-X, lobules eight
through ten. Light colored profiles are of vermal lobule groups; darker colors indicate hemispheric lobule groups.

The whole cerebellar volume was also measured. The
total volume was segmented into a medullary core (the
central white matter and deep nuclei of the cerebellum),
the hemispheres (cortex and white matter), and the
vermis (midline region of the cerebellum) (Fig. 2A). The
vermis and hemispheres were separately subdivided into
lobules I-V, VI-VII, and VIII-X (Figs. 1 and 2B). All
structures were manually defined by a set of raters who
achieved greater than 0.96 inter- and intrarater reliability
on each of the structures. The MRI Atlas of the Cerebellum
[Schmahmann, Doyon, Toga, Petrides, & Evans, 2000]
and The Human Cerebellum [Angevine, Mancall, &
Yakovlev, 1961] were closely consulted in the develop-
ment of the region of interest tracing protocols. Detailed
protocols for analysis of all of the cerebellar structures are
provided in the Supplemental Materials.

Statistical Analyses

All statistical analyses were conducted with SPSS 16.0 (SPSS
Inc., Chicago, Illinois). Prior to analysis of the anatomical
data, age and IQ were compared between groups by an
analysis of variance (ANOVA) to detect any group
differences. Tukey’s post hoc test followed up on any main
effects.

Due to the small and uneven sample size of the groups,
there was a potential for the data to be distributed
nonparametrically or adversely influenced by outliers.
Tests of kurtosis and skewness were conducted on each
anatomical measure to determine which type of analysis
of variance should be used. The data were sufficiently

-i

Figure 2. Coronal sections illustrating segmentation into whole
cerebellar structures (A) and lobar structures (B). GRAY includes
the cortex of the hemispheres; WHITE includes the medullary core
and deep nuclei.

/|

normally distributed and only one measure, medullary
core, was skewed with a right-handed tail.

Since all of the data were normally distributed,
univariate and multivariate general linear models
(GLM) were used to compare anatomical structures
between groups. Age and total cerebral volume were
entered as covariates in each analysis. Simple contrasts
were made with the typically developing group as the
reference category. Tests were conducted at each anato-
mical level. Univariate GLM was applied to vermis area
and a multivariate GLM was applied to the analysis of the
area of vermal lobule groups. A univariate GLM was used
for the cerebellum volume. Separate multivariate GLM
were conducted for major parts of the cerebellum, and
the lobule groups on the left and right hemispheres and
vermis. A significance level of a two-tailed o of 0.05 was
selected a priori. These analyses were repeated for
comparison of the collective autism spectrum group to
the typically developing group without specific contrasts.

INSAR
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Subregions of the cerebellum were also analyzed as a
ratio to the total cerebellar volume (i.e. normalized).
Multivariate GLM, with simple contrasts, were repeated
for the normalized volumes (the major parts of the
cerebellum, and the lobule groups of the left hemisphere,
right hemisphere, and the vermis).

The potential relationships between age and 1Q and the
anatomical measures within each group were evaluated
by linear regression. A regression analysis was also
performed for vermis volume in which vermis area was
a regressor. This regression tested the degree to which the
midsagittal area measurement predicted the volume
measurement. A Pearson’s correlation analysis between
total cerebellar volume and total cerebral volume deter-
mined whether the cerebellum was proportional to the
cerebrum.

Results
Age and 1Q Measures

Group demographics are summarized in Table II. There
was no difference in the mean age of the groups at the
time of MRI acquisition. There was a significant group
effect for full scale IQ (P<0.001). As expected, post hoc
tests indicated that full scale IQ for the LFA group was
lower than all other groups (P<0.01). The full scale IQ for
HFA and Asperger syndrome were also lower than the
group of typically developing controls (P<0.01 and
P<0.05, respectively). Both verbal and performance 1Q
were compared between the HFA, Asperger syndrome and
control groups. The verbal IQ for HFA was lower than
Asperger syndrome (P<0.05) and controls (P<0.05). The
performance IQ for the high functioning group was lower
than for the control group (P<0.01).

Midsagittal Area of the Vermis

Uncorrected areal measurements are summarized in
Table III. When all autism groups were analyzed together,
total vermis area was not reduced relative to controls
(P=0.37) (Fig. 3A). Neither were there significant
differences when the vermis was broken down into
lobule groups (I-V, VI-VII, VIII-X) (P>0.067). When
autism groups were separated into LFA, HFA, and

Table II. Participant Demographics
LFA HFA ASP CON
(n=18) (n=15) (n=15) (n=14)
Age in years 13.1 (3.0)  11.7 (3.2) 12.3 (3.2) 12.5 (3.1)
Full scale IQ 56 (10)** 88 (16)™* 97 (17)* 113 (12)
Verbal IQ n/a 86 (21)** 105 (23) 110 (14)
Performance 1Q n/a 92 (13)* 98 (32) 115 (14)

*P<0.05; **P<0.01 when compared to CON.

Asperger syndrome, similar findings were obtained.
The vermis area was not reduced in any of the autism
groups (P = 0.38) (Fig. 4A) and the areas of lobule groups
were not significantly different between groups (P>0.11)
(Fig. 4C-E). Age and IQ did not predict the area of the
vermis in any of the groups (for all groups, f<0.416,
P>0.15).

Cerebellum and Major Subregions

Volume measurements are summarized in Table IV. Total
cerebellar volume did not differ between the diagnostic
groups (P=0.509) (Fig. 5A). In an analysis of the major
subregions of the cerebellum (right and left hemispheres,
medullary core and vermis) across each diagnostic group,
only the vermis showed a main effect of group (raw:
P=0.016, pEta® = 0.166, normalized: P = 0.143) (Figs. 4B
and 5B-C). The HFA group in particular had a smaller
vermis volume than the control group (raw: P=0.002;
normalized: P=0.022) (Fig. 4B). When data for the
collective autism group was compared to the typically
developing group, the vermis volume was significantly
smaller (raw: P=0.019, pEta2=0.091; normalized:
P=0.039, pEta2 =0.071) (Fig. 3B). Raw and normalized
volumes were compared for the lobule groups (I-V,
VI-VII, and VIII-X) of the vermis (Fig. 4F-H). None of
the lobule groups were reduced in LFA, HFA, or Asperger

Table III. Midsagittal Area Data
LFA HFA ASP ASD CON
(n=18) (n=15) (n=15) (n=48) (n=14)

Vermis 11.59 (1.3) 11.81 (1.0) 12.19 (1.0) 11.8 (1.1) 11.54 (1.2)
I-V  4.92 (0.47) 4.79 (0.58) 5.10 (0.54) 4.9 (0.50) 4.89 (0.54)
VI-VII 3.02 (0.55) 3.28 (0.54) 3.17 (0.41) 3.2 (0.50) 3.14 (0.53)
VIII-X 3.66 (0.53) 3.73 (0.36) 3.91 (0.50) 3.8 (0.50) 3.50 (0.32)

Mean (standard deviation) of volumes measured in square centimeters.
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Figure 3. Scatter plots with means of volumes (cm®) and areas
(cm?) of vermis structures collapsed across autism spectrum
disorder groups. ASD, autism spectrum disorder; CON, typically
developing (*P<0.05).
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Figure 4. Scatter plots with means (indicated by horizontal lines) of volumes (cm?) and areas (cm?) of vermal structures: total vermis
area and volume (top panel), vermis area of lobule groups (middle panel), vermis volume of lobules groups (bottom panel). ASP, Asperger
syndrome; HFA, high functioning autism; LFA, low functioning autism (*P<0.05).

syndrome (for all comparisons, P>0.097). When diag-
nostic groups were collapsed, no differences were found
in the major subregions of the cerebellum (for all
comparisons, P>0.062). The effects of age and IQ on
the volume measurements were tested (Fig. 6). There
were no significant regressors for cerebellar volume in
any of the groups (for all groups, f<0.315, P>0.22). No
significant relationships between age and IQ and vermis
volume were found (for all groups, $<0.361, P>0.137).

Correlation analyses indicated that cerebellar and
cerebral volumes were highly associated (Pear-
son = 0.295, P=0.02). Across all subjects, vermis volume
was not predicted by the midsagittal area of the vermis
(B=10.086, P=0.509).

Discussion

We have carried out a comprehensive MRI analysis of the
whole cerebellum and its subregions in children 7.5-18.5
years of age with autism spectrum disorder. Carefully
conducted midsagittal areal measurement of the vermis
did not reveal any differences between the autism groups
and controls. We also found that the total cerebellar
volume did not differ between those with autism and
typically developing controls. However, the volume of
the vermis, but not any particular lobule group, was
reduced in the autism spectrum group. Somewhat
surprisingly, the reduction in vermal volume was most
prominent in the HFA group. This difference was not due
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Table IV. Volumetric Data

LFA (n = 18) HFA (n = 15) ASP (n = 15) ASD (n = 48) CON (n=14)
Total cerebral volume 1,237 (160) 1,219 (107) 1,181 (85) 1,195 (201) 1,190 (78)
Total cerebellar volume 154.4 (16.7) 148.8 (15.8) 149.8 (11.6) 151.0 (14.9) 152.4 (11.8)
Cerebellar subregions
Vermis 16.0 (1.8) 14.9 (1.8)* 15.5 (1.5) 15.5 (1.7)* 16.8 (1.9)
Right hemisphere 62.3 (6.9) 60.0 (6.8) 60.6 (4.9) 61.0 (6.2) 61.6 (5.2)
Left hemisphere 62.1 (7.1) 60.8 (6.7) 61.4 (4.9) 61.5 (6.2) 61.8 (5.0)
Core 14.0 (2.5) 12.6 (1.8) 12.2 (1.9) 13.0 (1.7) 12.9 (2.1)
Vermal lobules
I-v 7.16 (.99) 6.70 (.86) 6.71 (.75) 6.87 (.89) 7.4 (.97)
VI-VII 5.01 (.71) 4.63 (.89) 4.97 (.86) 4.88 (.82) 5.27 (.58)
VITI-X 3.96 (.56) 3.74 (.74) 3.69 (.48) 3.81 (.60) 4.11 (.57)
Right hemisphere lobules
I-v 5.30 (1.6) 5.03 (1.2) 5.57 (1.1) 5.30 (1.34) 5.33 (1.5)
VI-VII 41.2 (4.7) 40.1 (5.3) 39.7 (3.1) 40.39 (4.45) 41.5 (2.8)
VIII-X 15.7 (2.5) 14.8 (1.7) 15.4 (2.1) 15.26 (2.10) 14.9 (2.3)
Left hemisphere lobules
I-v 5.31 (1.1) 5.01 (1.2) 5.17 (1.3) 5.17 (1.17) 4.91 (1.3)
VI-VII 40.4 (5.6) 39.0 (5.2) 40.2 (2.7) 39.89 (4.68) 40.7 (2.4)
VIII-X 16.4 (1.7) 16.7 (1.9) 15.8 (2.9) 16.29 (2.17) 15.9 (2.6)
Mean (standard deviation) of areas measured in cubic centimeters. *P<0.05, when compared to CON.
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Figure 5. Scatter plots with means of volumes (cm?®) of cerebellum and gray and white matter of the hemispheres (*P<0.05).

to differences in IQ, as IQ was not a significant predictor
of vermal volume.

Comparison with Previous Findings

Hypoplasia of the vermis, especially of lobules VI-VII, has
been highlighted as a prominent component of the
neuropathology of autism [Courchesne et al.,, 1988].
However, as indicated in Table I, this finding is incon-
sistently observed across studies. In fact, even the
Courchesne group has suggested that subgroups of
individuals with autism demonstrate either hypoplasia
or hyperplasia of the vermis [Courchesne et al., 1994].
Our area measurements of the vermis in a sample of 48
children and adolescents with autism did not detect any
reliable differences in comparison to typically developing
controls. Given the substantial heterogeneity in reports
related to vermal area in autism [Stanfield et al., 2008;

Table I], the conclusion that vermal hypoplasia is not
consistently seen across all individuals with autism
appears to be warranted. It will be interesting to
determine what phenotypes of autism may be more
consistently associated with vermal hypoplasia.
Although we did not find a difference in the mid-
sagittal area of the vermis, we did find evidence for a
decreased volume of the vermis in the autism spectrum
group. Individual comparisons of the diagnostic groups
indicated that this difference was driven primarily by a
smaller vermis in the individuals with autism and IQ
greater than 70 (HFA group). In a previous study of
cerebellar volumes carried out in autistic males with a
broader age range (12-52), Hardan et al. [2001] found
that hemispheric and total cerebellar volumes were
enlarged, but vermal volume was not different from
controls. Cross-sectional area of the vermis was not
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different in this study either. The authors concluded that
the enlargement of the cerebellum was in line with a
more general increase in brain size that they and others
had observed. Our cohort of males (aged 7.5-18.5) did
not demonstrate an overall increased brain volume,
though the volume of the cerebellum was highly
correlated with the volume of the cerebrum.

The surprising finding in our study was that the HFA
group was the group that had a reduction in vermal
volume. Even in this group, however, there was no
difference in the midline area measurement. This
suggests that the more laterally situated portions of the
vermis were smaller in this group. We have no good
explanation for why a vermal volume reduction was
observed in the high functioning autistic group and not
in either those individuals with LFA or Asperger syn-
drome, with the caveat that the LFA group also exhibited
varying levels of mental retardation, which may con-
found their neuropathological profile. Additionally, the
sample size in this study is insufficient to handle the
inherent heterogeneity of the autism cohort to parcellate
subphenotypes of autism or isolate incidental findings.

Interestingly, vermal hypoplasia in general as well as
reductions specifically in lobules VI-VII has been found
in other neurodevelopmental disorders [Ciesielski, Harris,
Hart, & Pabst, 1997; Soto-Ares, Joyes, Lemaitre, Vallee, &
Pruvo, 2003]. Kaufmann and colleagues, for example,
examined vermis area in autism with and without the
presence of Down syndrome or fragile X syndrome
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Vermis Volume
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Linear regression of total cerebellum and vermis volumes for IQ and age variables. Solid line, ASD; Dashed line, CON.

[Kaufmann et al., 2003]. Reductions in lobules VI-VII
were found in groups with single diagnoses and in the
dual diagnosis of autism and Down syndrome. Similar
outcomes were observed in another study in which
vermal hypoplasia was found in both neurogenetic
disorders with and without autistic traits [Schaefer
et al.,, 1996]. Other studies looking at developmental
disabilities, such as nonspecific mental retardation and
juveniles treated with radiation and chemotherapy, also
report vermis size reduction when compared to controls,
particularly in lobules VI-VII [Ciesielski et al., 1997; Soto-
Ares et al., 2003]. In fact, several studies of nonautism
neurodevelopmental disorders, including Dandy-Walker
syndrome [Aldinger et al., 2009], attention deficit/
hyperactivity disorder [Curatolo, Paloscia, D’Agati,
Moavero, & Pasini, 2009], fetal alcohol syndrome [Astley
et al.,, 2009] and chromosome 22q deletion syndrome
[Bish et al.,, 2006] find vermal hypoplasia, which
indicates that this form of neuropathology is not specific
to autism but a common feature of atypical development.

IQ and Age Correlates

Previous studies have suggested that reductions in the
volume of the vermis in individuals with autism may be
related to IQ or age. Early on, IQ was suggested to be a
major factor in vermis reductions [Piven et al., 1992].
A recent meta-analysis found that lower IQ does appear
to be associated with greater reduction in the area of
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vermal lobules VI-VII in autistic groups [Stanfield et al.,
2008]. In this study, which included individuals with a
broad range of IQ scores, regression analyses indicated
that IQ was not significantly related to the vermal area or
volume. We also found that none of the cerebellar
measures were correlated with age in either the control
or autism groups. Other studies of cerebellar volume in
the age range we measured have also not reported a
correlation with age [Herbert et al., 2003; Palmen et al.,
2003].

Conclusion

In this study of children and adolescents with autism
spectrum disorders, we did not replicate the finding of a
reduced area of vermal lobules VI-VII. We did, however,
observe a decrease of overall vermal volume in this
population; this finding was driven primarily by observa-
tions from the HFA group. This came in the context of no
global cerebellar volume changes in the autism spectrum
group. Since the vermis appears to be vulnerable to a
variety of neurodevelopmental disorders and insults, it is
not surprising that it is also pathological in some
individuals with autism. However, given the current
finding in the context of previous studies, this form of
neuropathology is neither a specific nor a sensitive
biological signature of autism.
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