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Table 1 Summary of multiple and topographic organizations in

cerebrocerebellar circuits

Motor function

Emotional and cognitive
function

Cerebral cortex
Pontine nucleus
Cerebellar cortex

Deep cerebellar
nucleus

Thalamus

Cerebral cortex

Primary motor cortex

Caudal half of the
pontine nuclei

Lobules VI-VI, VIB, VII
A-B

Dorsal portion of

dentate nucleus, fasitigal
nucleus

Ventralis posterior
lateralis pars oralis
(VPLo)

Primary motor cortex

Dorsolateral prefrontal
cortex

Rostral and medial
pontine nuclei

Crus 1, II, lobules VI,
X

Ventral portion of
dentate nucleus

Caudal portion of the
nucleus ventralis
lateralis, pars caudalis
(VLcc)

Dorsolateral prefrontal
cortex

The distinct cortical areas are interconnected with specific cerebellar areas
regarding the type of processing information. The primary motor cortex
sends motor information to lobule VI-VI, VIB, VIIA-B and specific areas of
nuclei in the contralateral cerebellum via pontine nucleus, and then, the
motor information projects back to contralateral primary motor cortex via
thalamus. The emotional and cognitive projections from the dorsolateral
prefrontal cortex innervate Crus I, II, lobules VI, X and ventral portion
of dentate nucleus in the contralateral cerebellum via pontine nucleus and go
back to the contralateral dorsolateral prefrontal cortex through thalamus.
Distinct parts in the brain structures of cerebrocerebellar circuits are involved
in motor or cognitive and emotional functions, which indicates that the
cerebellum and the other related brain structures are topographically and
functionally organized for the type of processing information. This table
summarizes the results of experiments on monkeys. (Coffman et al., 2011;
Dum and Strick, 2003; Kelly and Strick, 2003; Middleton and Strick, 1994;
Middleton and Strick, 2001; Schmanhmann and Pandya, 1997)
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Figure 1 The cerebellar atlas

Crus I °

Sagittal view

Axial view

The cerebellar atlas is provided by SUIT toolbox (2.4 version,
http://www.icn.ucl.ac.uk/motorcontrol/imaging/propatlas.htm). The
nomenclature used here to describe the cerebellar lobules is derived from
Schmahmann et al. (1999).
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Table 2 Summary of the cerebellar and cerebral areas involved in different

functions

Fuction

Cerebellum Cerebral cortex

Motor function

Anterior lobe ([-V),
parts of lobule VI, lobule VII

Sensorimotor Anterior lobe (I1-V), Motor cortex
parts of lobule VI
Somatosensory Lobule VI

Cognitive function

Language/verbal
working memory

Spatial tasks
Executive functions

Emotional processing

Posterior lobe (VI-IX)
Lobule VI, Crus I

Lobule VI Prefrontal
Lobule VI, Crus I, cortex
lobule VIB

Lobule VI, Crus I,

medial VIAt

(Stoodley and Schmahmann, 2009; Schmahmann, 2010)
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Table 3 The involvement of cerebellum in major depressive disorder in magnetic resonance imaging studies

Patients information

Study Gender, Mean age, Results
M/F year
Volumetry study
Pillay et al., 1997 17/21 38.5 No different GM, WM volume between groups
Parashos et al., 1998 27/45 55.4 No different GM, WM volume between groups
Shah et al., 1992 11/16 57.6 V¥ cerebellar vermis volume (especially, anterior vermis)
Voxel-based morphometry study
Frodl et al., 2008 13/25 46.1 tV GM density in left cerebellum during three years of
reatment
Abe et al., 2010 11/10 48.1 No different GM density between groups
Hwang et al., 2010 70/0 76.4 A WM density than controls

V¥ GM density in suicidal depression
V¥ GM, WM density in late-onset depression

. V¥ GM density at baseline
Lai et al,, 2011 >/10 359 A GM density in right lobule VIIA after treatments
compared to baseline

Lee et al., 2011 5/42 46.0 V¥ GM density in bilateral central lobules
Peng et al., 2011 8/14 46.7 V¥ GM density in MDD

Functional study

Beauregard et al., 1998 3/4 42 A activation in left cerebellum to sad stimuli
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Videbech et al., 2001 12/30 41.9 A activation in cerebellum
Smith et al., 2002 0/10 385 V¥ activation in lateral cerebellum, vermis during the
anticipation of noxous stimuli
Gundel et al., 2003 0/8 419 A activation in cerebellar vermis in bereaved women
Canli et al., 2004 3/12 35.1 ¥ activation in right cerebellum to sad stimuli
Significant association between changes in HRSD score and
Fu et al., 2004 8/11 43.2 dynamic range of activation in bilateral cerebellum during
antidepressant treatment
Holthoff et al., 2004 9/32 45.1 V¥ metabolism upon remission in cerebellum
Frodl et al., 2009 5/7 43.3 ¥ activation in left cerebellum to explicit tasks
Sheline et al., 2009 12/12 34 Less decrease in activity than controls
A ReHo in left cerebellar posterior lobe
Liu et al., 2010 8/7 29.1 V¥ ReHo in left cerebellar anterior lobe
*ReHo: regional homogeneity
Naismith et al., 2010 5/14 56.1 A activation in cerebellum
¥ activation in bilateral cerebellum to explicit tasks during
Frodl et al., 2011 16/8 38.9 antidepressant treatment
A activation in cerebellum during motivated attention,
Chantiluke et al., 2012 10/10 16.2 which correlated with reduced frontal activation
Functional connectivity study
Vasic et al., 2009 8/6 37 A connectivity in left DLPFC and cerebellum
Frodl et al., 2010 16/9 394 ¥ connectivity in OFC and left cerebellum
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9 o] 2 Bx|E= Zlo] Zasit)h o]# e o] f= 20060 207 <)

S25H AY e} HHS E3SE HUS (infratentorial) 9§ 9lS FE3F U}
AHE WY Aarst A S Fall dolxl ARE, Avg)

w7t 53t A2 BlE&8, < SUIT (Spatially Unbiased Infra-tentorial)
HZ3lo] 7|5 th (Diedrichsen, 2006). ©]% 2009 &5 =
(probabilistic map)©] A7]% o] Aef tfst AP AFolA slFehE
3 7]o] ¥+ " 835 AFEE 7] A2 Y (Diedrichsen, 2006;
Diedrichsen et al., 2009).

oA JiE SUIT B1&3 S AREste] HAZIRE FejiEA

wa AEste] & FAAA Felele] Md dnE REstd Y

Mow $AE 5 QA Bk BAV GUREY PPES 74 ¥ 249
S 2A (voxel) el A 9 HMAY WES IF 7 B 1F ) vl

= 7}s35hAl $t) (Ashburner and Friston, 2000). kollx 7teks] 7]« 3st

oluA| 7} spite] &S Bty 1A
B u Ar] G My 91X T A AAQ] 7
2 HA T} (Friston et al.,, 1995). J18{2 2 EA7|0F &
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2Rl FSlell el &w Ql= Afolet & 4 Ut} (Ashburner and Friston,
2000). SUIT B1&Z3-2 4k 9] lobulews, A0 (fissures)2} Ak HF-3
2 FEH AF FRES JES FFEoE BHESIL Q7] wiEe
(Diedrichsen, 2006; Diedrichsen et al., 2011), SUIT ®1Z3S 23t 4 t3}
g2 7+ lobuleo] “gEHsHAl Sl H-8H2] lobules WFF k= HE
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=
XA ) (Diedrichsen et al.,, 2010). $9F ofy 2} Ay o] 4 o] thaFsh

20



VAT BHES SR SAAA LMo FAARL Vsl B3k AA
Q1 A5 7FsshAl sF Tt (Diedrichsen et al., 2010). A ¥ ®1ZE

%2 54 9ERL WA AFEsel WA U HolT B @
AT, A A FEY e gal o) dAdol AR 4] F97F SuIT ®
Zog A8UE W, woh o SHEcl BANYTT wasn

(Morrell et al., 2010).
oA 7 QI AME WO FHAle
W AFE FALNCE 240 o P97k kARl oL B
oAl et YHE ATE 5 k. AA7A o Fold SUIT BE3
& AFEE AT GUlRA AT A9E Table 40] B eholeh oA
2 gAYl #Host= F-9= lobule 1-VIS} & A HAAQ1 Wb
B

1o
M
i
o
rE
ftlo
Y
ofo
!
i

W, B
o 53 AAE AFeAY A HAE T s Ax F5do] ¥
oJsh= Ao R UEbth ole 4249 Yol #E 7|E9 AT Ao}
A tEA] o, SUIT §E3e] o] g0 2 Hup o 144l 4x 9

=3 7)ol tid HGd A7 Thssithe AS & Atk
ol g} Zo] SUIT HEZE o] &3 WYY A7+ 71&9 o7
T ATE g o R Axo 75 dEe xxsh4] 243} (topographic
organization)®ll thst FRE A3 4 Utk B ofy g}, F o2l

oF 22 G Ao At MM o] YA S B
A

21

M E-1]) @



Table 4 Summary of the voxel-based morphometric studies using the SUIT template

Study Cohort Imaglflg Measurement/task Cerebellar regions
modality
Baumann and Healthy subjects fMRI  Encoding visual stimuli Lobule VI, right lobule X
Mattingley, 2010 Encoding auditory stimuli Right lobule VIIA, B, bilateral lobule VI
Perceptual demands of the tasks Left Crus |
for both stimuli
Fan et al., 2010 Healthy subjects MRI Males > females Lobule V, left Crus II, lobule VI,
(FDR corrected threshold) bilateral lobule VIIB
Females > Males Bilateral Crus II, right Crus I, left
(uncorrected threshold) lobule IX
Morrell et al., Patients with MRI  GM density V¥ in left lobule VIIB close to XI,
obsturctive sleep extending across the midline into the right
2010 apnoea lobe
Schlerf et al., Healthy subjects fMRI  Complex movements Lobules VI, VIA (Crus 1)
2010 Simple and complex movements Lobules I-V

Bijsterbosch et al., Healthy subjects fMRI  Regular timing, error correction Right dentate nucleus
2011
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D'Agata et al.,
2011

Grafton and
Tunik, 2011

Kuper et al.,
2011

Kuper et al,,
2011

Moulton et al.,
2011

Teki et al., 2011

Cooper et al.,
2012

Patients with
spinocerebellar
ataxia type 2

Healthy subjects
Patients with

lesions in
cerebellum

Patients with
lesions in
cerebellum

Healthy subjects

Healthy subjects

Patients with
spinocerebellar
ataxia type 6

MRI

fMRI

MRI

MRI

fMRI

fMRI

MRI

Executive/planning function

Coordinated function

Movement amplitude in error
correction

Speed and straightness of hand
movement

Straightness of hand movement
Lift-off time in grasping
Speed of hand movement in
reaching, lift-off time in

grasping
Encoding aversive stimuli
processing

Auditory timing

Verbal working memory

23

Right Crus I

Right lobules IV-V
Lobule II, V

Lobules VI, V, VI

Lobules VI, V, VI, VI, VII

Interposed nucleus

Intermediate and lateral cerebellar cortex

Lobule VI, Crus I, lobule VIB

Vermis, deep cerebellar nuclei including

dentate nucleus

Bilateral lobule VI, Crus I, VIIA, right

lobule IX



Donchin et al., Patients with MRI Force field pertubation Lobules IV, V
2012 focal lesions

after cerebellar Visuomotor rotation Lobule VI

infarction
Kiihn et al., Healthy MRI Manual dexterity Lobules V
2012a subjects in

right-handed,

14-year-old
Kiihn et al., Smokers MRI  GM density V¥ in right Crus [, correlated negatively
2012b with amount of nicotine dependence
Kiihn et al., Patients with MRI GM density V¥ in left Crus [/II, correlated with
2012c schizophrenia thought disorder, the executive function
Spraker et al., Healthy subjects fMRI  Force amplitude for motor Lobule V, VI
2012 control

Force rate for motor control Lobule VIB

Both force amplitude and rate  Lobule VI, Crus I/II

Stoodley et al., Healthy subjects fMRI  Sensorimotor Right lobules IV-V VI
2012 Language Right lobules VI-Crus I, Lobules
VIB-VIIA
Spatial mental otation Left lobule VI (Crus II), extending from
VI to VIB
24



Working memory Bilateral lobules VI (including dentate
nuclues) -VII (Crus 1)

Affective rocessing No reliable activation

Abbreviations: FDR, false discovery rate; fMRI, functional magnetic resonance imaging; GM, gray matter; MRI, magnetic
resonance imaging; SUIT, Spatially Unbiased Infra-tentorial
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(Institutional Review Board, IRB)%] %912 ®Hbort) 183l BE I P A=
¥ dATgtel]l Fofsty] Aol Ag-e A Wl itk SR AYs =

om, qrow A7 FoiB Folssith

2. 9471393 95

¥ 2}7] 574 442 General Electric 1.5 Tesla whole-body imaging
system (General Electric Healthcare, Milwaukee, WI, USA)= & 3to] 5
stk x4 TI- 4% (T1-weighted) A7) 3 H 9G4S 3219 SPGR
sequence (3-dimensional spoiled gradient echo sequence)s &3l 1.2 mm
7Ae] A58 16082 dde At HE 54 HEs e 2ok
Echo time, TE = 5 ms; repetition time, TR = 24 ms; inversion time, Tl =
0; 256 x 192 matrix; field of view, FOV = 192 x 240 x 240 mm; flip
angle, FA = 45; number of excitation, NEX = 2; no skip.

Ao Hol| FF T HA ol Aol AsA Fildk= F
A0 F T2-7FZ (T2-weighted) ¥ 27158 947 FLAIR ¥4< & 535181
o, Qostst ARe] g BEHAL 2 G 53 Wi o

23 ol T2-73F WA 7 94 axial, TE = 126 ms, TR = 2.817ms,

it

TI = 0, 256 x 192 matrix, FOV = 155 x 220 x 220 mm, FA = 90, NEX
= 1, slice thickness = 5 mm, no skip. FLAIR ¥“J: axial, TE = 88 ms, TR
= 8,802 ms, TI = 2,200 ms, 256 x 192 matrix, FOV = 155 x 220 x 220

mm, NEX = 1, slice thickness = 5 mm, no skip.
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7V de 2ol A7F B =90 W & FHXE (Beck Depression

Inventory, BDI) (Beck et al., 1961)¢} +x3te WS §3t sidd 98
37} # % (Hamilton Depression Rating Scale, HDRS) (Hamilton, 1960)%
AEEQT, o F ALY AT HEse] S 47 ALE B

e,

4. SUIT BE3 5 °|8% A7 8y

AA TI-Ax HAA|3E P 29 232 F53 160709 tho]
= (dicom) YU =S Analyze 5.0 &2 E 99| (Mayo Foundation, Rochester,
MN, USA)E ©]&3}9] Analyze =" (.img/hdr)2] 339 JA HFHo =z
ATAASET, 1 x 1 x 1 mm® B4 372 tpA] £33 3 MRIcro 23
E Qo] 1.39 Build 5 W3 (http://www.mricro.com)©. 2 W& (anterior
commissure)?] 23 7ko] 0, 0, 0°] HE== AASIvE A A2 = Gd
stupsiut Seto® wWdetA glskglnh

olg 7 Ad¥ wo]E SPM52] SUIT toolboxell 2]&f SUIT ®
Z8& olg3 AAT (preprocessing) ¥ AAA Aot WA AE F

= (isolation) THA|ol 4] Ashburner®] % ¢312]% (segmentation

algorithm)= &3l A ¥ 7ol 2wz, Wz, v xfofo] zbz 72
(segmentation) ¥ T} (Ashburner and Friston, 2005). 1231 A3 9} ¥ 7k
e T1 G743 &9 w3to] 294 &ES Axtstel Add
W (classification map)= 7] AAAEAT. FF WS A
T1 G4l HA Hgls v &¥7) opd Fito] g ¥ L3
MRIcroN 7 ¥ (http://www.sph.sc.edu/comd/rorden/mricron/) | A 4=
FABATE (Figure 2). =783 242+e] dlo|B| & SUIT ®1&3 ol A qt3t
(normalization) A|7]Al = =d], o] W FAFI-7|A &4 H < (cosine-basis

function approach)s &3to] BElZ8 o H|APH o7 W= gofa] 7t
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dolg 7k o= A Wad=Ae AR &3l vuAdd iy §
(nonlinear deformation map)©| 4/ €t} (Ashburner et al., 1999). ©] W3
Pel #21 RS 7HA 3z} dolHe Aol As 35 S 4
H 3mA T1 A4S oA SUIT &3 33kl B35 A2 (reslicing)
GAE AXA Aot olgA A2 AHELS 4 mme REXF (full width
at half maximum, FWHM)2] 7}-9-A1¢F S51d A4S #H$= H83)
(smoothing) = AT BE3 AHS Fal 2t HAY AT @2 F
9 HAE Al Ues Fustst JRE g@A goEN AT
Aol et FarEEE o] F A o] (Ashburner and Friston, 2000;
Mechelli, 2005) A& t) 74| (signal-to-noise ratio, SNR)7} A% th
(Parrish et al., 2000). =3+ A3t 2@ AL Hdo AXH F9] A=
AR qolA | Zt BAZ0 JEE random field theoryE % &
< HlIE Fa Fonst A% ghe] WastE gAE F AES S
=85 Zt}h (Worsley et al., 1992). o] &} 2 AWHA]

do] Figure 3o WE Qlom, olelAl dojxl HolHE&E FA &4 At
g3kl

SUIT RISl ol &3k w47 JH

o w
)

S|
A

oY,

o
I
k)

A Wb 2 MATLAB

i

7.9.0 YA (The MathWorks, Inc., Natick, MA, USA)ollA] & ¥+ SPMS5
(http://www.filion.ucl.ac.uk/spm)& F3ll 18t o, Z Ao AE-S
SUIT §1Z3L& 2.4 Hol3ith

(http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm).

31



Figure 2 The data generated by the isolation step

The classification map was overlaid onto the cropped T1 image. Left: the
data was not edited, and the regions not belonging to the infratentorial
structures were included during the isolation step. Right: the data was
manually edited.
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Figure 3 Preprocessing overview using the SUIT template

Isolation ‘Normalization}—»_ Reslicing \—» Smoothing

14 6

Segmented

Original Isolated Normalized Resliced Smoothed

\ H—'I—l

Individual
image
i Nonlinear
ip= deformation =
map vaty!
SuIT " v
template .

During the isolation step, a whole brain image is segmented into gray matter,
white matter, and the cerebrospinal fluid. The cerebellum and brainstem are also
isolated from the rest of the brain, and a classification map is generated by
calculating the probability of a voxel belonging to the cerebellum or brainstem at
threshold P > .5. The isolated individual image is transformed into the same
stereotactic space, the SUIT template, during the normalization step which
generates a nonlinear deformation map containing the information of how much
the individual image is deformed to be registered to the template. By this step,
the global brain size, shape and position that are different among individuals are
corrected, thus retaining subtle and localized differences. The segmented gray
matter image is then resliced into the SUIT space using the deformation map,
which is made in the normalization step, and smoothed with a 4 mm FWHM
Gaussian filter. The aim of smoothing is to improve the signal to noise ratio by
averaging the concentration of gray or white matter from the surrounding voxels
according to the central limit theorem, thus resulting that the signals in each
voxel become more normally distributed. This will thereby enhance the statistical
power with more appropriate decision on threshold, by applying the random field
theory to the smoothed data for the correction of multiple comparisons (Ashburner
and Friston, 2000; Mechelli et al., 2005; Worsley et al., 1992). The data from
this preprocessing procedure is used for the further statistical analysis.

Abbreviations: FWHM, Full Width at Half Maximum; SUIT, Spatially Unbiased
Infra-tentorial
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5. A &4

AR QI8 SR 1A Fo7F A9 7 A (el xpol vt
WA vlaskz] 98] volok S sk, 4 BUF A& A e
A58 WA =9 -4 (independent t-test)ys, L FAE vH&

AE AEe 2 H5E MU FlolAlw A7 (chi-square test)= A] 33}

T
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2 ek Helo] = = Q= yo|, AA F/17 €4 (total intracranial
volume, TIV), W5 A%k AE&S AAsIAT AA T3 &85 574
sk7] flall WA SPM5ollA AbE EE (segmentation) 7] = ©]&3to] A
A e M WA e
&

248 MATLAB AT HEE 9]

Folg Hdeta, o] Al =49 F
o AAFSEATE (Ged Ridgway,
http://www.cs.ucl.ac.uk/staff/g. ridgway/vbm/get_totals.m). T2 .2 F+ F ot
by FoleA ] WA Un Aol 5 HFer] s 7 A A¢
°] t contrastE AY3ISTE ThA] Wb [1 -1 FATtolA] 3] A 9
by 2 BRE, [ 1] $Akels Al Uevh ¥ s
St Aotk o] 7 ZFA] Ag-olA, 7+ B gt Jyuk 1 A
t-& A W (t-statistic map, {SPMt})ell YEFHTE o] w] yERT F-9]9
i+ MNI (Montreal Neurological Institute) #}3°] = % Talaiarch 3% 2

o, mE
n
i
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S
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W35} 31 (Lacadie et al., 2008), Schmanhmann et al. (1999)°] S
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stk 2 AgelM s T A 3 AN 9] Ml dn xolE
0.0018] 9 =7 50709 2 HAZ HAS3FA T (uncorrected P <
.001, extent threshold = 50 voxels).
ojo] 7]E] A3 A+ AHE wtFo® vy AE 7HE (a

priori hypothesis)el] we} A 95 A4 I Y (region of interest, ROI)S.
% sto] 22 A4S WSl o] o] Ao o] Fojx = Fo] Ay
Felow FA7] "ol vF vla 35T oAl He A4 59
e FHAE Ak WL &¥ F4del gt velve mhia
(binary mask) (Figure 4)& FSL 4.1 ¥ % (Analysis Group, FMRIB, Oxford,
United Kindom)2] fslmaths &5 &3l W= Ths, SPM59] small

v}

volume correction 7] = &3l #4353t
o] de] yEbd B9t & A A% 7He] AddAE
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Figure 4 A binary mask of the cerebellar posterior lobe

A binary mask of the cerebellar posterior lobe (turquoise color) was
created using the fs/maths commands in FSL 4.1 (Analysis Group,
FMRIB, Oxford, United Kindom). To make this binary mask, the SUIT
atlas provided by SUIT toolbox was used as a reference atlas.
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Table 5 Demographic and clinical characteristics of the sample

HC MDD
Characteristic (n=36) (n=34) P-value®
Age, mean (s.d.), years 46.3 (10.0) 455 (11.4) .76
Education, mean (s.d.), years 12.8 (2.9) 11.9 (3.7) 26
Right-handedness, No. (%) 31 (86) 32 (94) .26
Marital status, No. (%)
Married 29 (81) 23 (68)
Separated/widowed/divorced 3 (8) 7 (21) .29
Never married 4 (11D 4 (12)
BDI score, mean (s.d.) 7.6 (4.8) 24.6 (8.0) < .001
HDRS score, mean (s.d.) 1.2 (1.6) 25.7 (4.2) < .001
Brain volumes, mean (s.d.), cm’
Total gray matter 672.9 (58.2) 661.1 (56.1) .39
Total white matter 421.5 (37.9) 416.8 (41.7) .61
Cerebrospinal fluid 323.9 (107.5) 365.6 (110.4) A1
Total intracranial volume 1418.4 (157.9) 1443.5 (163.5) Sl

Abbreviations: BDI, Beck Depression Inventory; HC, healthy comparison group; HDRS, Hamilton Depression Rating Scale;
MDD, first-episode, drug-naive major depressive disorder group; s.d., standard deviation
*Group differences were calculated by independent t-tests for continuous variables, and by chi-square tests for categorical

variables such as handedness and marital status.
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(height threshold t = 3.21, uncorrected P < .001, cluster size = 81 voxels),
A pFA hF HaE BAT 49 FRAAE on] 9 Row
LEFSETE (x = 46, y = -68, z = -27; height threshold t = 5.09,

% Qg

-

FDR-corrected P = .019). o] A¥}= A, AdA T4 &4,

|

FAES BAYSE Fo|T AS A% AT (height threshold t = 3.22,
uncorrected P < .001, cluster size = 84 voxels) (Figure 5, Table 6). 12| 1L
o] zfo] HF A FFoM o HlWE BAZ 7o FEAME o]
Ao ASoE UEIST (x = 46, y = -68, z = -27; height threshold t =
5.13, FDR-corrected P = .012). 2% o 3 F7F=2 A A S small
volume correction w24 A= Ax AA o] HAIS +4 Al A7
o= 2] QkQkT} (cluster size: 78; x = 46, y = -68, z = -27; height threshold
t = 5.13; FDR-corrected P = .007).

#H5 Ay F Crus T d99] WA U g2 A4
0.81, SHAFT+S 0852, Aol 3|wia U7} oF 5% U] =9tk (P <
.003) (Figure 6).
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Figure 5 Significant cluster of the gray matter increase in left Crus [ in
patients with first-episode, drug-naive major depressive disorder

(c)
Medial Posterior Inferior

0 - - =37 'y
‘% S &Y

-29

= Lobule V

= Lobule VI
Crus |
Crus |l

= Lobule VIB

® Lobule VIIA

T-value

Lateral Anterior Superior

Sagittal (A), coronal (B), axial (C) views showing the cluster in left Crus
I indicates that gray matter density in patients with first-episode,
drug-naive major depressive disorder was significantly higher than that in
healthy comparison subjects (height threshold t = 3.22, uncorrected P <
.001, cluster size: 84 voxels). This result was adjusted for age, total
intracranial volume, education, and handedness. The voxel of significant
local maxima is located on the left at Talairach coordinates x = 46, y =
-68, z = -27 mm (t = 5.13, FDR-corrected P = .012). The cerebellar atlas
provided by the SUIT toolbox was also presented in order to show where
the difference was detected. The violet colored area in the atlas is Crus
[. The right hemisphere shown in the t-statistic map here indicates the
left hemisphere of the subjects' brains.
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Table 6 The cerebellar region showing the increase of gray matter density
in patients with first-episode, drug-naive major depressive disorder

Talairach coordinate Voxel-level significance
Cluster Maximum  FDR-corrected
Cerebellar region size X y z T score P value
Left posterior 84 46  -68 27 5.13 012
Crus |

This result was adjusted for age, total intracranial volume, education, and
handedness. The nomenclature is derived from Schmahmann et al. (1999).
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Figure 6 The mean value of the cerebellar gray matter density in left
Crus I in both groups

0.95
P < .003

0.90

0.80

GM Density in Crus | (eigenvariate)

0.75

MDD HC

The mean value of the cerebellar gray matter density in left Crus I in
the patients with first episode, drug-naive major depressive disorder and
healthy comparison subjects were significantly different. The mean of the
density was 0.84 in MDD, which was 5% higher than the mean density
in HC, 0.81 (P < .003).

Abbreviations: HC, healthy comparison group; GM, gray matter; MDD,
first episode, drug-naive major depressive disorder
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3}5 X318kl 9l (Drevets, 1999; Drevets, 2001; Frodl et al., 2008; Lai
and Hsu, 2011). BDNF2] A9, &¢-2AE 58S =ZH BDNF 4|7}
F3tE o] A2 G4 (synaptogenesis) Aol =, o 2}
ol &t VRelAM e FES FEshe AOoE dH AT (Castren,
2004). 3t AF= FAY Hgol g8 AEH A fd hgoz
BDNF7} oo =M afjnte] 3] Al (granule cell) T 4R T
THHAA S HIsFaL ATt (Duman et al., 1997). 5k ol 2}, gkoj A
% 5 @A He] 724 - V4 vt
5 e s A ww Holo g ZE3k £ 9SS AAEHE o
2] AFE50] St} (Frodl et al., 2011; Fu et al,, 2004; Holthoff et al.,
2004; Lai and Hsu, 2011). ©] ¢} 7Fo] &-¢-gA9 582 o 3 4 7]
sl Suid dFS vV "o, & A= o= 589o] gle I

ARE O ATE AYFORM AT Aol JFS WA & Ye

—

Aol Tag Moloe® hEET (Cahill, 2006), 53] FoFE%
ofol] #oJsli= Aoz LdHF MZEWIL (Kuper et al., 2011; Meyer et
al., 2004) FA Y A ANA T AL 2o]E HQITYh (Nishizawa et al.,
1997). AA 7]l #s HFd AF=S WE EA5 s A Ao
= Ao 2y AN WS AFadd AN By o &
AstE Hol= Aol AARS ™ (Wager et al, 2003), 5= TFE Aol A
A2 AAM A=l disf FRE7F FAIgE vEg2 B3Il (Ladavas et
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A 72 S A E Schutter?} van Honk (2005)= %532 3}
T2 A (parietal cortex) ¥ ol g} Ao wHEA ol AF A A=
(repetitive Transcranial Magnetic Stimulationr, rTMS)& 7}l A o] ¢
o Azel ErHoletm AJFOM, $LFAN AATAD - T

& - Ax 7o) Ao AdAQ AAES AAEAT s e

2 BFEAANATE 7FeE ATl FFY B9 AFE FAY S
A B (placebo) A2 FUE wos 2, WS (medial) Aol A&
! s = o, 2

)
F9& uw $5 AAFIA FY3) Wels Aol #F
= A% @A 7ol 1gH ATk BaESTh (Schutter et al.,
olo} AFAHEL AT MR AT 8, Mg AX AGoRE
Ay = 2ve] A AE A4 GABA AE7t Frkete] Al
i 9 def o]Z= MF EEe BT wEel o] Anrt ek
S TE (Schutter et al., 2003). ©] W A F7N&7] A=

2 gk muple] ZH7F AAFa A Y] g4 ste] dFS AL VR

o
>
2
ac)
R
H
|\

ftlo

A F S Zlo]t) (Rosenkranz and Grace, 2001; Shutter and van Honk,
2005). E=9RlE FoEoll o T4 WHAR e A5 7]

=

o] Q= Aoz dH Rt (Dailly et al., 2004; Krishnan and Nestler,
2008; Ruhé et al., 2007; Swerdlow and Koob, 1987; Willner et al., 2005).
AAZ BES5371GSFoA =apul 254 A7 A (dopaminergic neuron)”}
2 Az deo] HeEH, T2 Crus 1o 23250 Sl Ao #zy
ATt (Ikai et al., 1992). HS5I /PGS HAAZREH A& 1 B
Aoz AdHF7] wZo (Damasio, 1997; Snider and Maiti, 1976) ©] =5
B WA e} B AETF the - &8 3R dFE vH Aolgt=
F=0] 7Fs 3t} (Ikai et al., 1992).

W ATeA o] el R H=E AN 5 Uy dd9 A
3 d4dEo] k. 54 Wb (hemisphere)?] ™ I A ALEHE O
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Fo Aee wd oA watste] HEt]A (contralateral) A of] o] = w,
AuoA tiy IR ALy = ASe AYE wakeko] HhglsE v

(contralateral hemisphere)®] t I o] o] &t} (Buckner et al., 2011;
Coffman et al., 2011; Dum and Strick, 2003; Kelly and Strick, 2003; Kriene
and Buckner, 2009; Middleton and Strick, 1994; Middleton and Strick, 2001;
O’Reilly et al., 2010; Schmahmann and Pandya, 1997). |3} gkeoflA H |3}
(lateralization) 7Hd-> 7H912] HAF 2 tpekst H o] 7|5 T2 sk A
¥ #FH9 Ve AUAA DAl o] AT, AEH o ot
T A A=l B g gAstE e Al
o} FHM ARt Ey F o 9ol s Aor AAH gv
(Cerqueira et al., 2008; Heller et al., 1998; Schwartz et al., 1975; Tucker,
1981; Tucker et al.,, 1977). 53] 44 FAE thF= d QojA FAHt4
Bt} RV o 539 Aow Ko, B A5 & Tl ¢
9] ype) A stel #eo] §leS R %kt} (Abrams and Taylor,
1979; Davidson, 1992; Hecht, 2010; Otto et al., 1987; Schaffer et al., 1983;
Silberman and Weingartner, 1986; Tucker et al, 1981). 5 127] =¢] °F
27k 83 =t e ® AR §F tigtR g5t ARA dEF ] (S,
FRE AL 9w S Ae 7heAdol FvEHA wve SrEE
AT AT St} (Denny, 2009). 5332 (mesocortical)®] =31 A A
(dopamine system)= ~E# A HEGo] tjsk HPA & 2438t 98-S
sh=dl, A5 tdoR 3 3 Ayl AEU A Aol HPA =9 3
d AE A F AT THIAHAAN EaulE Ao R FH|

S, R AEr A 4 slAE 93 wddA Ebvle] fab



= AAFAL 2EUA 24 Aol Bu o AFgAowE AvEo Slu
(Cerqueira et al., 2008; Mizoguchi et al., 2008; Sullivan and Gratton, 1999;
Sullivan and Gratton, 2002). ©]¢} & A AH=S v =E 2 A
o Fogeg) BATAN BAR 45 &

‘04 7_(1‘:'4 gl Z\_Eﬂﬂi ZA 7]_‘6;01] 10%—3]_1\1
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e A AT A3 gyt Fos-Aol shado e 3wy Wx
Asts Baska Qe WHAE, o8 75 WG AT Ao Ay

SgollX el &AdstE Baustal vt (Table 3). WA, 7] HA7|
FElEA Aol Aarsl Bl AHEEE "ESC] v HEFA

8 ol g} (Diedrichsen, 2006), ThFs g sl ol wep 22 A7t
AE8 T g8 YA RAGH= AV A7]17] Wit (Diedrichsen
et al., 2010), &3 2] lobule®} 7S Al Fxo|A 2] Wz UL zjo] =
deetA EAsk= wle AZE AT 1% 7] wiitel SUIT &3

o] gafo] Ax ] FAARL F-ooA L] o] A S BAT B AT Ais}

A, FES HEA 42 28 TR AT 15 A A
HelA 2] ReHor= A7droll vlal Stk vk, el A= Akt 9] ReHo7t
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Abstract

Structural abnormalities
in the cerebellum
in women with first-episode,

drug-naive major depressive disorder

Jihye Choi
Interdisciplinary Program in Neuroscience
The Graduate School

Seoul National University

BACKGROUND Many studies have investigated the structural abnormalities
in the cerebrums of patients with major depressive disorder, while studies
confined to the cerebellum are relatively rare considering that the cerebellum
is traditionally thought to be related to the motor function. Recently,
anatomical and neuroimaging studies, however, have provided evidence of an
interconnection between the prefrontal cortex and specific cerebellar regions,
which indicates that the cerebellum may be involved in emotional and
cognitive functions. Patients with major depressive disorder show cognitive
impairment and emotional disturbance. Therefore, structural abnormalities in
the cerebellum in women with first-episode, drug-naive major depressive
disorder can be observed, which may provide the insight into the
pathophysiology of major depressive disorder and information about the
function of the cerebellum. This study examined the differences in the

cerebellar gray matter density between healthy comparison subjects and
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patients with first-episode, drug-naive major depressive disorder by applying

a voxel-based morphometric method utilizing a cerebellum-specific template.

METHODS Structural magnetic resonance imaging was performed on
thirty-four women with first-episode, drug-naive major depressive disorder
and thirty-six healthy women for a voxel-based morphometric analysis on
the cerebellum. To investigate the structural abnormalities in specific
cerebellar regions, the Spatially Unbiased Infra-tentorial (SUIT) template was
used during the normalization step. The SUIT template provides information
about the anatomical details of cerebellar structures. The difference in the
gray matter density of the cerebellum between the patients and healthy
comparison subjects was assessed and the correlation between the detected

structural difference and the severity of depression was examined.

RESULTS No cerebellar region of the gray matter density in the healthy
comparison group was found to be higher than that in the patient group.
However, the patients with major depressive disorder showed a significant
increase in the density of the gray matter in Crus [ in the left posterior
cerebellum (height threshold t = 3.21; uncorrected P < .001; cluster size =
81 voxels; P < .05, FDR-corrected at the voxel level). This difference
remained significant after adjusting for age, TIV (total intracranial volume),
education, and handedness (height threshold t = 3.22; uncorrected P < .001;
cluster size = 84 voxels; P < .05, FDR-corrected at the voxel level).
However, the correlation between the gray matter density in the Crus I
and the severity of depression was not significant in patients with major

depressive disorder.

CONCLUSIONS To the best of our knowledge, this is the first voxel-based
morphometric study to investigate the structural abnormalities in the
cerebellum in women with first-episode, drug-naive major depressive disorder
utilizing an up to date SUIT template. The Crus [ area in left posterior

cerebellum, a region where the structural abnormalities in the patient group
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were detected, is known to be involved in emotional processing and in
cognitive functions and to have anatomical and functional connectivity with
the prefrontal cortex. Therefore, the results of this study may provide
important insight into the pathophysiology of major depressive disorder and
the topographic organization of the cerebellum, i.e. emotional and cognitive

function in the posterior cerebellum.

Keywords: major depressive disorder, magnetic resonance imaging,
cerebellum, voxel-based morphometry, Spatially Unbiased Infra-tentorial

(SUIT) template
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