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X&: A4 %A 5 (body mass index, BMI)= 4 2 Ao A Z 5
2ol Q& AAWF] ARR, o] HIF AFAAME AlA JUF

2 thA} AFEj ol o] x4 wo|(variation)o] BAE A F A

i

o]-g3te] &gk vl Qlrk. T1ejy} A (cerebellum)ol A 9]
AdgFEA]grol] e 224 Wold tisix = B2 Hol & AA
orom, Ax el ¥ (cerebrum) FFe] 324 Aol B FSFaL
WG AT 5 AA HIE ot Nl 2H1S E HHES F3
ol Walaat & A= AT E A= Lol Fugh
B4 714k & g 74 (voxel based morphometry, VBM)ell &3} %

Bl Z21¢] Spatially Unbiased Infra-tentorial Template (SUIT)S

o]-&3te], AT A2 AAolAM AAFA e} 4 3d e

BH- 1k 20-40 Ao A73sE A

ro
(00]
w
of,
filo
=
ox
o
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v
o,
oX,
LUE



A g-3ko] ] (isolation), 7t 3H(normalization), A& (reslicing),
A% shsmoothing) HAE AR F, o1& o] &3t AAFA T

WE 23 3d Wwe WelE B

o,
T
N
ot
H:l

3 (generalized linear model, GLM)S- ©]-&-3lo] &7
EAS Ao, AdFA T} 72 HAdoA e 3d et
frolgh AHAAE Ader] e 49 S 0.01 = A&SSith
o], A, AA 5717 &4 (intracranial volume, ICV) 59 &
Wt wile] s FASH AWFAFe} v 3 Hro
Hol & A v vaE BASY] flete] ZEHIFER
Algdloldel 7]Hket ] o)< 74 (random permutation test)

W o R oyt 0.01 FrollA e 3 EA(clustered voxel)©l
Sl

A3} &2¥ FH= 59 VI, Crus|, Crus Il 4o A3 174 ¢

TR(A7] =2232mm3, 2797 B 75 Ul zzk P [EFEERH =
2.96[0.28]; W zat =4.02; A z#ke] MNI #3E x=44,y=-80,z

= -31; corrected p < 0.01)3}, = 5% VI, Crus| G A% 1719

T (7] =3640 mm?, 4557 HAA; ] W zgt HH[ESAHA] =

3.09[0.43]; At z#t =5.18; A z#ke] MNI 2E x=-38,y =-82,
z =-35; corrected p < 0.01)° 4] A A=A 42} 34 dx 7H

Srolul g ool BAzh waE .
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topography) 1771 AlAbsk viel o], A 3912 th+ 9
A5 (prefrontal cortex)?} T+%4, 7|sd oz U AAE

o] Fo], 3] 2+¢]7] <] (working memory), A & 7] % (executive
function), 1o}, 7+ T 19 AA 75 BAH TS FYsH=
T2 A Advk ol wet B At e AEZFA G &Y
94 34 =B AT e AAH RS AAbeE Ad
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e =41, Spatially Unbiased Infra-tentorial Template (SUIT)
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A&

1 AAGATE] 944 o9 2 B ¥ A7
AZF(kg)S AZo] AFmYSZ Yir X2 7hasHA

A== A A=A 4=(body mass index, BMI)= A Al B.71 7] ++(World

Health Organization, WHO)oll A4 Ailst= Als 7, S

A 2|5 (underweight), 44A%, 245 (overweight), B]¥H(obesity)<]

e g Ve ®m AA Z=olA e ARREHI s

1)) & 4 8+4] (anthropometric) A 3% ©] tH(WHO, 1995; WHO, 2004).
A A2 79} A 28 i (type 2 diabetes mellitus),

118" St (hypertension), ¥/ W 2 gk(coronary artery disease, CHD),

415 (cholelithiasis) 5 AAZ HJat Avd Ao 4zl

i
riot
O

Bl $19w ol ol ABAL ASH o

o2

HI

1% 91 th(Kopelman, 2000; Willett et al., 1999). T3+, |2 &x] 4=

of 7|¥tato] vk

mlo

Aekdk of g dtoll M, vk, 5 FskA

>

ki
rlo
ol

A AFA 4= =27} Q1#|7]%5 A 3F(Bryant et al., 2013; Jeong et
al., 2005; Whitmer et al., 2005) % <=3}o]| ™1 (Alzheimer's disease,
AD)(Gustafson et al., 2003; Kivipelto et al., 2005)2] 13 <12} (risk

facto) = BF&7 w} Qiek. olo] Wal, AAFAFE HlH vgo] A



7137 <ll(mood disorders) 3 =<l (anxiety disorders)®]
2 24] (odds ratio) 7} °F 25% Z7}etgithe KBl S-S =8 (Simon et

al., 2006), & ZF=|2} 4212 3Hpsychiatric disorders)}2]

FIA wg =eual vk o] FH R AAFEAFE A S 2
AL EE AR W E = Qe deshal 7S AR A,
vk 2t A}A SH(metabolic disorders)¥ vl o}ul g} o] 2]k At

disorders)olut A1 A g} Haste] A D ATl A FHA
485 AT

A Ao AL S, E3AE DS B Al gk
HAAd S AAFskE o8 982 (epidemiological) 57l #Hetshe,
H #AFE w=29(computed tomography, CT)o] 1t
A} 71-8- 1 o AH(magnetic resonance imaging, MR 2] 34 A+
WS &8sto] o gh of2] Hetel VA 4w AZHE M
2o Wol(variation)S XA} = of g Al=7} AlSE A
[e]

| o] #]a ltH(Gustafson et al., 2004; Pannacciulli et al., 2006;

Ward et al., 2005; Taki et al., 2008; Mueller et al., 2012; Cole et al.,
2013) (& 1). = oAAdellA oA el BA AR Al A ZEA 5=}

24 F9 AN AFE BE

e
o
tlo
o
:?L_',
&
1L
ot
=
i

] = (cerebral atrophy) g2 #AE ASH FAHF4



o - (longitudinal study)ol] w2, A A 4=7} 1.0 kg/m? 5718 uf
579 (temporal lobe) 9152 IFE7}F 13-16% F71sk+ A=

U el tH(Gustafson et al., 2004). 7] 3 F A4S o] &-31o] A A
Ho] WEE FA43 o o (cross-sectional study)ol A =
AAgFAFet ¥ "ol 95 ghol|l Fom g 9 AddA7t
72 ¥ 9l th(Ward et al., 2005). -4 7]k & B ¥4 (voxel-based
morphometry, VBM)(Ashburner and Friston, 2000)2 1] %ol 5 tha}
mF=(lean) H© 7He) AnbA Mgt wlale] g7 T oE Y

A7) B g AT, e gad] ulms) wwel Feo) A

ofy
o>,
An
s
ot

(postcentral gyrus), ©]7F4 7l (frontal operculum),

2714 3l (putamen), Z7Fo]wle] & (middle frontal gyrus),

23 (cerebellum) 52| oje] = F-9loA 3] (gray matter, GM)
% (density) o] A7 AT B 18} t(Pannacciulli et al.,
2006). A7gele] A7) At H-3] E2(volumetric analysis) 2
4719 JEjEAS A8 tharE Aol wEw, dAd ] A

AAZFA 78 7SS 314, 94 (white matter, WM),

Haste Ao =Y tH(Taki et al., 2008). 3, 5 A3 A9
A7 GERA A Aol ADAFAS el whet



=% (temporal lobe)¥ A% (frontal lobe)2] 54 F-&, 4k 9

||\

A <3 (anterior lobe), -4 (occipital lobe), #]7]<k4 % (precuneus),

N

Z v (midbrain) 5¢] F-9olE 3d W gass Axs)

A

T4 2 A5 71eF F&, ol o]nlo]H(inferior frontal gyrus),

b

] o] 2% (posterior lobe), A% (thalamus), %72 3™ 2] (caudate

head) &9 F-¢lollx= 34 "7t Frlste 237 2442 veh

AdzEA groll BAR ¥ 3)He x4 Wolrt Zh F-ejuit &

WA o R dojd = &S AL TH(Taki et al., 2008).

A7) 943 g (serum) 2 2k 2l (gene expression) ¥
=

FE3 Aol =, FAT RH kel A

&l v} (hippocampus) &} 23] o] 9]= 3 %(lateral posterior lobe)2] 3|2

Aol NAME £4e] FA A (marker)?l 3 W] AAAE Eo]F
of| &= 2} o} A (neuron-specific enolase, NSE) 2] &% 7Fol| -2 u] 3k
29 AuaA 7 B2E A (Mueller et al., 2012). 3+,

T8 927l (major depressive disorder, MDD) $-A}S tl/id o=

3 2] e Fasedol} Atk @ ulwk At mass

and obesity-related) FTO +3 A7} = 3ol w|X]&= o 3ol
FrofulshA] ke vk, AA gAY JFS AT slew

derson 53 A A5t

s

S5 v sk(subcortical) %}

wlz o] Byt A Qlvhal B 313kgltH(Cole et al., 2013).
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Table 1. Brain Imaging Studies on the Association between Body Mass Index and Brain Structural Variations

Author ,
(Year) Subjects N Methods BMI-Related Results
Gustafson Healthy . . .
et al. (2004) women 290 CT Positive correlation between BMI and risk of temporal atrophy
Ward et al. Healthy MRI , , : .
(2005) participants 114 Volumetry Negative correlation between BMI and brain density
Pannacciulli Obese / MR o Negatlvelz correlat_lorr;l ?etwelen BMI ?nd (‘Tol\fl denflty
et al. (2006) Lean 60 VBM (left post-central gyrus, right frontal operculum, bilateral putamen,
' bilateral middle frontal gyrus, right cerebellum?*)
Healthy
Gunstad p?ggﬂﬁgms 209 MRI Negative correlations between BMI and whole brain volume
et al. (2008) . VBM and GM volume
overweight /
obese)
Positive/negative correlations between BMI and GM density in male
. Positive: inferior frontal gyrus, cerebellar posterior lobe*,
Taki et al. Healthy MRI ( )
(2008) participants 1428 VBM frontal lobe, temporal lobe, thalamus, caudate head;

Negative: medial temporal lobes, cerebellar anterior lobe*,
occipital lobe, frontal lobe, precuneus, midbrain)




Table 1 (Continued). Brain Imaging Studies on the Association between Body Mass Index and Brain Structural

Variations
Author Subjects N Methods BMI-Related Results
(Year)
Debette Middle-age MRI . L .
et al. (2010) participants 733 Volumetry Negative association between BMI and total brain volume
EI_dngy Negative associations between BMI and brain volume
N Participants i . T
Raji et al. MRI (Obese: atrophy in frontal lobes, anterior cingulate gyrus,
(Normal BMI / 94 . ]
(2010) Overweiaht / TBM hippocampus, thalamus;
Obesg) Overweight: atrophy in basal ganglia, corona radiata of the WM)
Mueller et al. Obese / 43 MRI Negative correlation between serum NSE and GM density
(2012) control VBM in obese subject (hippocampus, cerebellum?*)
Young women Obese: less total GM volume than lean and overweight participants,
Yokum et al. (lean/ 83 MRI | WM vol h iah 7 i
(2012) overweight/ VBM ower tota volume than overweight participants;
Positive correlation between BMI and WM volumes
obese)
Coleetal. MDD patients / 150 MRI Correlations between BMI and widespread brain regions
(2013) control TBM (negative correlations in subcortical and WM areas)




Table 1 (Continued). Brain Imaging Studies on the Association between Body Mass Index and Brain Structural

Variations
Author Subjects N Methods BMI-Related Results
(Year)
Kurth et al. Healthy MRI A Nig?tlve correlfatlon Ibetwegzn BMI andlr_eglopal GM voIIume_
(2013) participants 115 VEM (hypothalamus, prefrontal/anterior temporal/inferior parietal cortices,
cerebellum®)
Former male
lead workers /
Bobb et al. control 347 MRI Negative correlations between BMI and GM volume in several ROls
(2014) (normal / VBM and longitudinal declines in temporal and occipital GM
overweight /
obese)

* Results found in the cerebellum are indicated in bold.

Abbreviations: BMI, body mass index; CT, computed tomography; GM, gray matter; MDD, major depressive disorder; MRI, magnetic resonance
imaging; NSE, neuron-specific enolase; ROI, region of interest; TBM, tensor-based morphometry; VBM, voxel-based morphometry;

WM, white matter.
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2. &9 Fz9 ARA 7%
2uo] FHolE 44 o#FH(folia) o2 EElv EE559 4N
A (fissure) 0.2 w2l FAE o] Folxl oY e FFo

21 tH(Citow and McDonald, 2001). 43 & sjstx oz &3 uj,

rlr
ol
o>,
rx
o2
12
tlo
o
el
rlr
N
M

) 2] (mediolateral) 3k =

e (vermis)$} o5 VFo® %

S

of $1Xg g AN
Hk--(hemispheres)2 U 4~ 1.1, %% (anterior-posterior)
Wk o 2= A A Al (primary fissure) ¢ Z:(rostral)2] = 3 (anterior
lobe)¥} 772]Z:(caudal)e] $%3(posterior lobe),
715l (posterolateral fissure) 472]Z:2]
e}l 2 € ¢4 (flocculonodualr lobe) 0.2 Y= <= A tH(Citow and
McDonald, 2001; Herrup and Kuemerle, 1997).

AvE Eg upEEs S &% 9 (cortex)d 1
oFZof] £ %3k A 453l (deep cerebellar nuclei) 0.2 =
- % tH(Citow and McDonald, 2001; Herrup and Kuemerle, 1997).
2> ¥ & (cortex)> thA] W-AF5(molecular layer),

+ 27| Y5 (Purkinje layer), ¥ < (granular layer)®] 37

4

&

7] 2 F+(cortical layers) 2.2 - %] ™ (Citow and McDonald, 2001; Apps
and Garwicz, 2005), ©]+ 2132 (neocortex)e] th7l 6712
AFoR FEEE ¥ oiv) " ci(Citow and McDonald, 2001).
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= 7ee A F2 s Al
¢k © ™ (Diedrichsen et al., 2010), 7% WA tf*(cerebrum)°ll
vl iAoz 22 #Aals ol gity ey vlald H ol
olZe] A¥9o JTo] ©ed] w5 Rt wekE Ao] ofel,
o} Aue] ofe] F9E5 EetA ddste tiH-a

Al E (cerebro-cerebellar channels) S §3l #|/d 77t (somatosensory),

7k, o], 2479 (working memory), 2 8l 7]-5(executive function),

N

H 5 i v doell 23 TlsS EHESHAL Atk Ao
=2 %o (Apps and Garwicz, 2005; Kelly and Strick, 2003; Kim et al.,
1994; Middleton and Strick, 1994; Stoodley and Schmahmann, 2009).
3k, kA @52 (positron emission tomography, PET),
715G 2 71534 271378 9 (functional MRI, fMRI) & ¢ &
HPd Ves BT Ay A A9 s A A, AN
2% (lobule)?] 7154 A3 ulj3F (functional topography
mapping)(E 2, ¥ 1)°] AlEsA B 3 BekE 3 glvk(Stoodley
and Schmahmann, 2009; Stoodley et al., 2012). |23} & &of wte},
H 7)ol tig o Z2 ol E fIs) ¥ Rto] ofye} A H

Jahs 4%

et
mlo
i

Al F714 o2 gotsor &

Ol«

Yx-sx] Aol 3

Zaiol A7]=a v



Table 2. The Functional Topography of the Cerebellar Lobules

Location

Function

Right Lobule IV

Right Lobule V

Left Lobule VI

Right Lobule VI
Left Crus |

Right Crus |

Left Crus Il

Right Crus Il

Left Lobule VIIB
Right Lobule VIIB
Right Lobule VIIIA

Right Lobule VIIIB

Sensorimotor

Sensorimotor, working memory

Verbal working memory, executive function,
language, spatial processing, emotional
processing

Motor, verbal working memory, language,
spatial processing, limbic/emotion

Verbal working memory, executive function,
limbic/emotion

Verbal working memory, executive function,
language

Spatial
Language
Executive function

Language

Sensorimotor, verbal working memory,
language

Sensorimotor

The table was created based on the information provided by the following journal
aritcles: Stoodley and Schmahmann, 2009; Stoodley et al., 2012.

11



Figure 1. The Lobular Structure of the Cerebellar Gray Matter

Vi

Crus Il

b e
Crus II7 ! 3 “Crus Il VIIB // it
VIIB” ’ \VIIB VIIIA

VIIA Sviig’ VIIIA VIIIB

Coronal view Sagittal view

IV v
-~

\

Axial view

The figure was created by overlaying the color-coded atlas of cerebellar GM lobules
on the SUIT atlas, both of which are provided by the SUIT Toolbox 2.4. Lobules that
are clearly visible on the figure were labeled.

Abbreviations: GM, gray matter, SUIT, statistically unbiased infra-tentorial template.
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=

=
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2 EHEA e

A =2 43 Wl se= AAdARe] &4

T~

ul

= oA tH(Mueller et al., 2012). whA],

vl gkl A A S A M E] o] dnke) T Eo

A ERHow Yehe Ao AyZs £ 9l
T ER e o ¥ grxel Hlsl, =4 d(prenatal)

3 k2 % (malnutrition)ol] thal] Atz o® =o

# ok (vulnerability) & 1.0l #9172 o] A A1 9]th(Holden, 2008;

Prasad, 1991). ©|&

ol T F

2 =4

au7F e R B <A FHd &A
sl}olH (Lenroot et al., 2005), A 2] AJ5]

Fo] o] Fo]x] A ¥ Z(Hatten et al., 1997) 52]

3= ZAog Helr A

&% X d(animal model)l A

AT wEw, Aol 7)o ol o kA xTl Ay

2 FH A (granule cell) 2 2 7] 4] Al 3 (Purkinje

cel)o] FLS Adfjsta &5 Fo 7Iss SA7I= Aol

25 ¢l tH(Ranade et al., 2012).

Gl M= Ave] x4 WHol7l dadEt= 2y Hart

AESHA ek A FoTF AAAE 75 24
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R
1,

A3, v 318 95 (chronic hyperglycemia)E %
Mol A dzzatel vl fFongh Fud ABAEL & a7 AN
2 #2¥ % tH(Sieber et al., 1996). 53

2~ E R E X & 2(streptozotocin) S o] &3t I s F2AX F
oA A o] QEdFAMS 4=} I(insulin-like growth factor I,
IGF-1) Al2=¥le] Wal7l dojupi= A o] W% S tH(Busiguina et al.,
1996). A Aol A9, Al 13 Fiz(type 1 diabetes mellitus)
A FH7IS RS S o A

A Y g5 (hypoglycemia)¥ 43 3@ Dx 7H4 ko] AwA o

725 9 tH(Musen et al., 2006). ©] ¢} Z& oy AT AES Ea)o],
HIRE, GEAE, G & GG 3 AL ZEe] o3 BAlE
A Ax o] x4 Wo] E= Wyl WAsHA #HE A

e
gk
¥

T St

ok
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4. & 479 54 & 7Hd

719 g WG AFolA e v Rktol A A E wER 44}
= ANE Edtske ¥ 79 3 Fo] grel] &9 AuaATL
P2 =] 1 2 (Pannacciulli et al., 2006), 7173 A <lel| A

2 4=9} 58] Ed(waist circumference)S F8 A E =2
HA A= AAFA G B sy U7t 255 aHE
Foete A F99 34 F97F 4L o= YEEt(Kurth et al.,
2013). A A W= (body fat mass)oll A ¢le] H|wHA & (obesity-

prone) F el A 1] wkA &4 (obesity-resistant) ] woll BlE] Ay B

5 A

™

gy ele) 57 R Hivke 2w

A3} Smucny et al., 2012)= - By v} o}, whd, A7k

A0S ez 3 gt Aol e AdFAFT 2 AY 5
ofg] §-919 A Hulel gof FHWAE Heloy, A¥ $Y T
02§99 34 Fujoh= o FAAAE Helth(Takietal.,
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2008). 4, A 2 F9d 3", N F39k 7] A (baseline)

AdZA 2 1d FHe] AdZFA G g

lo

HAE A7

B0 A Yokum 5(2012)9] 4l Aol AE nlE

2l
etk A At o= A

ot

5] Ryl Aol7h QT whA,

upg gee v gas A4 24 317

£
N

I

ofy
N,
e
2

H]

)

e Aow zgiyton o]z gl

ihd

= AP FA T 314 H-o
Zkel AA7E ¥1AE A (non-linear)d 2 A AFSHE A o] tH(Yokum et al.,
2012). & AFolA, AdZFA e 98 34 F9 119
Fropu gk A= B Fgkon, BYl oo A

Eul

AAZFA o 3] Fu) 3F o] A zE #2E v (Yokum et

AA A} 314 Wolo] w3 o]H g & AT EANAE

AA M e w st MRS AL He] A e 43

uf] 3&-of| (Taki et al., 2008; Kurth et al., 2013), H|WFe] o] T3l o]

H 2] 4 o g (Pannacciulli et al., 2006; Ward et al., 2005; Mueller et al.,
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2012; Gazdzinski et al., 2008; Raiji et al., 2010)°] A Z 3}

o2
o2t
o

=)

il
o
N

FeAd S A 4= gl
o we, B ATE e e wrelAd oldd 99w
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1. A5 A%

)

o)

Alek % 839

-
st

o olit2

&

to] 7]FS uk 20-404) 9

&S

A7)

£

3 2tk (1)

AL 71Ee o

2+ (Diagnostic and Statistical Manual of Mental Disorders version 1V,

]

o

™ 2 (Structured Clinical Interview

gk

s

DSM-IV)ol| 7|4

for DSM-IV, SCID)(First et al., 1996)

1% (Axis 1)

L= 1A A

) 2]

=
o

Abgt <

0] =
PN

3} (contraindication)©]

7] AF

ZH
il

Ho
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2. A7 R A3 57 Bt

Akt BE ol ate] A1A AXIA|, Al Tanita UM-021
A A ¥ A = A (Tanita Corporation, Tokyo, Japan)% =73} o1,

A48 SECA 240 214 7A|(SECA, Hamburg, Germany)Z o] &5}o]
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3. ¥ A7|FHIEY dolg 5 &
A 8 (preprocessing)

¥ ool A= 3T Philips Achieva system (Philips Medical

Systems, Best, The Neatherlands)S €3], t29 AdAE5S
Abgsto] ¥ A7e e F58i 3k T1-7F=2(T1-
weighted) 942 th-9 &< It H (parameter)E ©]-831]

A7 (sagittal) Weko 2 353613t field of view (FOV) = 22 cm;
slice thickness = 1 mm; number of slices = 180; repetition time (TR) =
¢F 7.4 ms; echo time (TE) = ¢} 3.4 ms; flip angle (FA) = 8°; number of
excitations (NEX) = 1. T3t A did=te] o T4 59
M ARl o]} Aol EAgt=AS AF-E ERlsty] flste

F7F= BA 7oA 3] = (fluid attenuated inversion recovery, FLAIR)

S 5353 FLAIR 99732 th29 &9 dggrHE o] &35}
Al weko 7 =319 th FOV = 25 cm; slice thickness = 1.2 mm;

number of slices = 280; TR = 8000 ms; TE = 332 ms; inversion time (TI)
= 2400 ms; FA=76° NEX =1. 854 T1, FLAR 942 o]%
gugelstat Aol 5 HHYL A

T1-7Jx 97 DICOM HolH e tha3 22 A4S
712 A =) 2] (preprocessing) 3} 91 TF. FMRIB Software Library (FSL)

5.0.2.1 ¥ A (http:/Mmww.fmrib.ox.ac.uk/sl)S o] &3sto], Ake]
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%]
S

ek (orientation)S 9/42] 314 #74 (radiological view)oll A 4173

2

74 (neurological view), & G2 -l Fofzte] $-=

9k (hemisphere) 7} Y X6 A3 o] w51 HA(voxel)d] A7 &
IxIxl mmi= Agste] dd WEg 33k YA

A} =74 (reconstruction) H°]E]E Analyze 3™} (Mayo Foundation,
Rochester, MN, USA) 2.2 #}4o] A5l gith th3- 2 =2, MRIcro 1.39
Build 5 ¥ 71 (Chris Roden, Columbia, SC, USA;
http://www.mccauslandcenter.sc.edu/mricro/mricro)=- ©]-8-3}¢4,
HGAd Ao dubE el 7] (reference point) .2 AFE-F =

7 L ® (anterior commissure) 419 x,y, z5 FHEE 7 002

il

A Aste]l A A (origin)g e 2AsHATE o]dd AAHS AA 54

dlolE) A Qo ool Qx| Fldt 5 o] 3o

i
i
=y
e

o
‘_ET
w4 3pgol AHgsgict
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4. Spatially Unbiased Infra-tentorial Template

(SUME o] 3 2478 Feh&

A7 PR (1) BE Foxte nddE HG4ES
A3 A4 F7H(stereotactic space) Bl =3 Attt &1t

7t 3} (spatial normalization) @74, (2) &3t A t3td > g9 34,

st

WA w2 oS Kglsli= &d(segmentation) T+, (3) w3

A3h= 9] A (smoothing) AL AR, 7zt Bae

o] g3ke] wHEold 4v Y ¥zie] WEQ SUT(TY 2)E
A7 FE 2A4S 98 AFE-3FSltH(Diedrichsen, 2006). SUITE
Ay 8oz 7 2 E WA ofEeks A

ek 31.2] 55 (nonlinear atlas generation algorithm)ell w2} Montreal

Neurological Imaging (MNI) &-7toll FHA|Z] ©l&EE o2 SUIT 79

_N

Fze] 1317k MNI B3 Aol A dld xe] BE Aol 43

gt w0 AH% A 54

N

2RHom

H] H gk (spatially unbiased)™ S th= 542 71A| 3Ll tH(Diedrichsen,
2006).

B oo A= MATLAB 7.9.0 ¥ #(The MathWorks, Natick,
MA, USA) 2 &g Z2a=loA FdE = Statistical Parametric
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Mapping 5 W Z1(SPM5; http://www:.fil.ion.ucl.ac.uk/spm)

& ol gatgin.
SUITE

o1 g5 249 HA|ul

e A
Toolbox 2.4

~

S 93, SPM5ol A SUIT

H A (http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm) =
Adsto] vha-3 22 A2 (processing) ¥78<

&) 5} 31 th(Diedrichsen, 2006): (1) 2] (isolation): 41 7] 1t

eaol ) AN s B ALl Ee o gatel 54, w4,
¥ 25 efo] B

%] ™ (Ashburner and Friston, 2000; Ashburner and
L AA Ao T1-%

R R IESER A EY
el G 2L A% M7 P9t D HE2
) 3ksto]

=

Friston, 2005)

ER
CEkIE=

T

REolX = BF (classification map)o] A4 €l (2)
4

3}(normalization): 2] ¥4

o

A%

-

ol

9/dE SUITe &3t
Fekshis B, o] WA F wAGH FY B el HolE
sk v g4 My W (nonlinear

g
ot

] =

do #sk JRE X

1)
i I

Ll
2

o

deformation map)©] A/ ¥

T

t}(Ashburner and Friston, 2000); (3)

A - (reslicing): ¥ A3 A W3

A WE o] gste] FeEld I G
THAl SUIT & 3F ol A Estt); (4) 3 &8 (smoothing): A&
AL AR FA A

do AEG o

o] U H] (full width at half
maximum, FWHM)E zt= 7F9-A]¢F 5w 79 (Gaussian isotropic
kernel)S 29 H&3}s

] &3lsle], A5t 3h2-H](signal-to-noise ratio

L=
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SNR)S st A4 75 = (statistical power)S =0l a%E
=t} (Chung et al., 2003; Worsley et al., 1992). 2] o8] A
] gt Aol A9k Zo](Burciu et al., 2013; Kuhn et al., 2012;
Thurling et al., 2011), ¥ Aol A= B &3} A oA 4 mm

Rbiolynl o] 7hg-A¢ S AES A8 3 Y

A1,
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Figure 2. The Spatially Unbiased Infra-tentorial Template (SUIT)

The figure was adapted from the infra-tentorial template provided by the SUIT
Toolbox 2.4.

Abbreviation: SUIT, statistically unbiased infra-tentorial template.
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5 A &4

HAlo] Ao x3tE VeSS Haslslr] Y&, FSLel xshd
fsimaths 2135 E3&] SUIT Toolboxoll A Al &8t B1Z 8 (¥
2)ol A 39 12%0l s]33= = (intensity)S 712 B8 A9 3

& vle]ly 2] ml2H(binary mask)(18 3A)E AJAste] Ao

_

o] FolA = P AAHAL 12%2] I (threshold) T 9]

A ukA & 2 (general linear model, GLM)S 4 &3lo] 57 45
FPeqitt. FAH R, ARk YP R o] 57 WHel(independent
variable) 0.2 += A AFAFTE, & W<l (dependent variable) & = &=
Zh B AFregks Ao, dA4 gk W<l(confounding
variable)o] 2 4 A& Ao =E o4y = ¥ (covariate) o= =

L}o](Ziegler et al., 2012), ¥ (Kim et al., 2012), A= 717

28 = 1



& %](Taki et al., 2008)= AAatqlth. A FHE &4(F 3)>
Freesurfer 5.1.0 ¥ % (Messachusetts General Hospital, Boston, MA,
USA, http://surfer.nmr.mgh.harvard.edu)°ll 4] recon-all <373 2]
o] el S o] gste] Ttk ZF HAd et AN R o
A} F oz, p #& FETIO], MATLABO A 1 Aol A A5
uncorrected p < 0.012] 2] FFolA BAXHCZ fFonst o=z
ettt G5 = z,p WS 47 At

Hloly ] wpAaE Fa 54 % 30,0001 7§ o] de] 4
3| d HAS FAH 1A gle] vlud 4% A4 oF
H] 1 (multiple comparison) A7} WA 7hsAdo] g mom =2
(Bennett et al., 2009; Marroquin et al., 2011), & Aol X = tF
Hl . BAS 93, AFNIel £3¥ AlphaSim 2138 53
EHIIEZE Al Ed ] (Monte Carlo simulation)ol] 7] 1k
9] o] <= 7 4 (random permutation test) H'H-S A}-&3} 1 th(Ward,
2000). =2 A3}, % 10,0002 ZEHII==
HE=o| 1 H], uncorrected p = 0.01 §~=2] T F(cluster) FA A=

g3t A9, 19270 o/t HAR P RS FE5H HH

>

corrected p<0.01 F=FolA FAH vy a395 A& = Jde= AL
sttt
 ATolM e B A &4 #8elA SPM5 3l Stata/SE

12.1 B] #(StataCorp, College Station, TX, USA)S ©] 83} T},

29 ] =



Figure 3. A Binary Mask Created from the Spatially Unbiased Infra-tentorial Template (SUIT)

(A): The binary mask created from the original template provided by the SUIT Toolbox. The mask was thresholded at 12% probability to exclude low
intensity voxels.
(B): The overlay (blue color) of the binary mask (A) on the original template provided by the SUIT Toolbox.
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Qoky o] Qr}. oz Wt vol= wF 24584 (R FH AL 3.15,

9] 20.39-39.23)% oW, F 83W 2 Hox Folli= 409 HA
43 2] Qo] EehE ATt AFFA T Hte 21.79(ETHA

2.60, 9] 17.20-29.60)%1 o™, MA XA G A A gk H]REe]

fz
e,
)
N
HN

o

o] A A &A= 30(WHO, 1995; WHO, 2004) ©]A+2]
oAb ek E=3h, A g dielE 3 T, FLAR

G d= A, Ho] Wesh s Axe] wEE FolAE gldth
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Table 3. Demographic
Participants

and Clinical Characteristics of the Study

Study Participants
(N = 83, 40 males, 43 females)

Mean (SD) Range
Age (years) 24.58 (3.15) 20.39-39.23
Height (cm) 169.04 (9.18) 148.80-188.00
Weight (kg) 62.81 (12.22) 40.90-102.40
BMI (kg/m2) 21.79 (2.60) 17.20-29.60
Total ICV (mm3)* 1092.68 (143.31) 864.99-1515.45

* The total ICV value was obtained using the standard recon-all pipeline in Freesurfer

version 5.1.0.

Abbreviations: BMI, body mass index; ICV, intracranial volume; SD, standard deviation.
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2. AAZFR A WE &Y 3d L9 o]
A 24w nAgel A, AdgA o] HE 5 e

Foln @ wolst 217 ¥ A3, 5 £ 94

rot

27 4]
FHol A BEEJTHRE 4, ITF 4A,4B). F5 2x TN
AAZFAT7 275 3d dx7F $AA R FovetA =3
TH(F7) =2232mm3, 2797 B4 7 W z3k A[EEAA =
2.96[0.28]; At z7t =4.02; Hh zzkel MNI B3 x =44,y =-80, z
= -31; corrected p < 0.01)> #= VI, Crus| % Crus |l 9o 2 A

Atk ¢35 &¥ TN AAFATT 25

t

3 HEt

Gom A =9kel 7 (7] = 3640 mm3, 4557 A T

™,

Wz
B [E=A2H =3.09[0.43]; H zgk =5.18; Hoh zzkel MNI 23
X =-38,y=-82, z=-35; corrected p < 0.01)> 9= VI ¥ Crus|
Gl AA AT A, L AFeAM = Folug 34 "o

o7} WA 2ok,
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Table 4. Cluster Regions in the Posterior Cerebellum with Significantly Greater Gray Matter Density in Relation to Body

Mass Index
Cluster Size Peak MNI Coordinates, mm
Region Maximum Z Score
Voxel Count Volume X y z
(mmq)
Left VI, Crus I, Crus I 279 2232.00 44 -80 -31 4.02
Right VI, Crus | 455 3640.00 -38 -82 -35 5.18
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Figure 4A. Graphic lllustration of Clusters in the Posterior

Cerebellum with Significantly Greater Gray Matter Density in
Relation to Body Mass Index

Sagital Coronal

44

-
-

-

The significant clusters in the posterior cerebellum are presented in the radiological
orientation (i.e., right on left). The three rows of cerebellar images respectively
represent sagittal, coronal, and axial views. The color-coded points show the voxels

included in the significant clusters. Each row of the numbers respectively indicate the
X, ¥, Z MNI coordinates.
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Figure 4B. Graphic lllustration of Clusters in the Posterior
Cerebellum with Significantly Greater Gray Matter Density in
Relation to Body Mass Index (Peak Coordinates Presented)

Sagital Coronal
44* -80*
~
-

=

[ —
3.5 . 49

The significant clusters in the posterior cerebellum are presented in the radiological
orientation (i.e., right on left). The three rows of cerebellar images respectively
represent sagittal, coronal, and axial views. The color-coded points show the voxels
included in the significant clusters. Each row of the numbers respectively indicate the
X, ¥, Z MNI coordinates of the z-value peaks in the significant clusters. The asterisk
(*) marks denote that the values indicate the peak coordinates.
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2 (neuroprotective)

HES
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% $Z3K(myelination) 74, & 7} 7] (dendritic process)

32 = 4 9lti(London et al., 2011;
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o

Matochik et al., 2005).
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Ao 3tE A WA E (adipocyte) 2] &2 0 2 (Zhang et al., 1994),
aelo] Aojel uint 7+e] Ay o] Al (London et al., 2011;
Matochik et al., 2005; Munzberg et al., 2005) % ‘5% (Zhang et al.,
1994) Aol A Wrslxl wh Qltk HERE = ZHolA fdo]

=% (stroke) A 5 41732 (neurogenesis) ¥}
3 738 A (angiogenesis)S =3} (Avraham et al., 2011) 3}

o} = 3l o] ¥ (Perez-Gonzalez et al., 2011) 2o A 217

[

A% 2 (neuronal precursor) 2] F241S F23tE 5 A FAHTH
aI¥E Hol= Fo] =g r(Signore et al., 2008).

SHEARE, olHd e AR EE GITF 4ol A

JEE Aol o A7E e #2E il Ak Jdaw, 494
sdwolz 2al WHe] Aoy Aow AwH 399 BA

s
o,

o] x| & ¥ (replacement therapy)2 47|17t Al 33le] & 3] 4 9
HE s A AoMs, e 29 6/1Y F 42x 3de] Wrv)

Zrrelolon], 18719 ol E olsh & Wl f4HTy

HI
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FApel A 5]

r

o

o

2 R FEs] o2 Q1@ waE

BN

AF&}

-
e
o,

o] v 3 dime tigh Gl HE=

32

.

& u
AN

P

o= =y

K
=
(@]
>
o
o
>
@
9_-‘
I\)
o
H
\a
A
QL
=
r d
DX
)
(e
i)
o
=)
ld

P
ro

o
Kl

A9 vl & Ao, DA gue] o wgk Aglw

38



2 o2 23 B g5 A(fasting) & (plasma) U

Fel(leptin)®] =7t &5 A5 M 3 F9U Ave=
o] 2w ) th(Pannacciulli et al., 2007). A A &= 4=9F I3
A FE GO ARAATE EAGTE A A9E 1YE

uj(Saad et al., 1997), H]gttol]l H|&) AFo] WF& Huo =

FaAE TS WA M A & Ak old @ ae

Yokum &(2012)°] A3k A A FA|GeF 34 F-u] 7Fe] v F A
FAA A &= x| sk= A o]tk (Yokum et al., 2012).

B AN ADFAST £S5 5 Wt

A T 19 AV H #AE AoE =ed

1.2} o] W (Stoodley and Schmahmann, 2009), t |

A A 5 < (prefrontal cortex) ¥} %%, 7|58 o2 zlo] Aytx o]
A= Aow Adex rh(Balsters et al., 2010; Ramnani, 2006). ©] =
kel AT Ay, 7735 Aol A X5 A4 (intelligence
quotient)®} ¥ H-3I](Andreasen et al., 1993) T+ 3] 2 % (Frangou
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etal., 2004) 7+ %<
- Ap
7]1E Aol

Hetol X A7

AUAE (inverse U-s

FHBATE o e F-91ek HEe] Al

HE=d, AAS Jdt dAF S8Rt
Aet7E Uebbe Aol ZF HrE A 9ler, o]
212715 Ftoll 9vAFE(inverse V-shaped) F+i=

haped) -‘4‘7-‘” A A Z2| =7 A Hed

A7} ¥l tH(Sabia et al., 2009). ©] & A = Q= I IR,
A7FeE =21 FdelA & BEiet AbE, A R TIs Ak

HAE FAS A3}

e W Gl o

, AIAIRZA 7] Gl A AASE 58 7o =

b hAlF W le] dgehs ADFAF 23004

27 AFOl(WHO, 1998)9] ol A Q1A 753 EAsHA A=

o

)

Gk 71 ek

Zholl uAtg BA 7}

2] A} 4 2315 (instrumental activity of daily living, IADL) 7ol ©]

oul, ARFAFE APABAE Folo] SPs

A= A5 & 5 tH(Deschamps et al.,

2002). T3, w9 Hs AAATTH(AAZFA T 18.5-24.9),

A F (A A F A

25.0-29.9), 1A ¥ ¥ (A A ZFA] 5= 30.0—-

34.9), 2T A HIRFH(A A AT 35.0 o) 2 Yol g

A5 AL

h s

ATelME, d9EE AT B 19
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B a7y 33

ANAgAGeF BAE Ao F24 WHolg Lolr izl g Hxo
ATtetar 3 S Qdnk 71EY 9 A+ (Pannacciulli et al., 2006)Taki,
2008 #17;Mueller, 2012 #75}E 1) A A ZFA ol @ 2 9]
x4 ezt nad wprh glle, o3 A= sid=rt

SUITS} Hlaste] stom iy AGEA A ¥ 7|y ?BE3 S

TZE 7H AN Ao FxA WHold gk Ak e FEOR
oloj A 7] olHrh= ARl UM o]l & A= LM Aol
HA st SUITE &3 &4S Faste], 7|&9] AdzdA+ 44

jitoll, ofe] A5 A3}E F3 = vF A= HIREY] Mo gk
W24 o 3F(Pannacciulli et al., 2006; Ward et al., 2005; Gazdzinski et

al., 2008; Raji et al., 2010)2 A+ Ay oA #A|g+st 4= YA}, =3
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AA A A 2 %A 1 F(Diagnostic and Statistical Manual of

=

p

Mental Disorders version IV, DSM-IV)ell 7]ub&t G- x38t9 A
W (Structured Clinical Interview for DSM-1V, SCID)(First et al.,

1996)2 #-8-sto], #A Al Aghe] JAY A Al Aol

n!

AW AFLE ATolA AL FA ARE We) 7ol

%2,

of
ofl
o
N
rir
>,

oz zZ deA e, 53] aMdE B2 S

it

T Aoz 44 qlti(Baldacara et al., 2008). 113 ¢ (Wiseman et
al., 2004)°|-} Tz (Musen et al., 2006; Lee et al., 2013; Lyoo et al.,
2013) & ¥ Tz IS WA= FHoZ dH o] e
AEE AT A ALkt oo g, 42 AddS AT
oz A7l wEdd B =i HPPNEEE T Ee A
=32 9%k o 9]Fol} A A (connectivity) A T W3le}
ole tigk A=A 3o Qs T 5 A= WY 724 W

s, =3t % ool #E aAEe dFo] Hastd F AT

43



2 dFNA ALSE SUIT 49 99

2 AFME 7 Fole aMe|Me] AolE TAHOR
o

obr7] s sUIT 2= AREskSith HA7IRE FElEA S

)=}
R |

ARERE 718 ATl A THE Bol 2olal Sl Hl

rir
rulu

212 Montreal
Neurological Institute®l] 4] #|-&-3} 3L International Consortium for Brain
Mappingell ¢]38l] 7|22 Q1% ICBM152 ®lZ ¥ © =2 (Diedrichsen,
2006), 15270 9] 7= AA H A7]eF WFe BAES H

3 1t 3} (averaging) o] A4 sk A o] tH(Evans et al., 1993). o]<f| wh}

ICBM152+= th ol B ol AlF-H<l sj-at4 RS F3|

¢

A&skA] ko], the B

iv)
ofo
N
o

Hol e ] L ¥ 29 5 AR

¢

Tz "EE I3 2 Fd(@lignment)o] F o] FolA A s F
Atk FAHS HESIAL 9 vk(Diedrichsen, 2006).

HHH, SUITE ICBM152 ®1&31 3 28 XA = (whole-brain)

™

7|9k IE8 50 vlal] ¥ Jug A u 545 33 AtsE
7hesHAl & Bk ofye}, SUIT7E Aledte &

o} =2}~ (probabilistic atlas)E E3lo] 7} HAlo] Ay e] ojuf3h
Aol oA, e AN Z; A FtRe ofw gk Wolvt
W =A] T ARE A gl 5 vk ofe il
%1 tH(Diedrichsen, 2006; Diedrichsen et al., 2009). 4~> 7} 67} <]

AFom PREE Yok 9 ald AFon TR,
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sl o} stAdstA Aoldt FRE VA= AS e u(Citow and

McDonald, 2001; Apps and Garwicz, 2005), 4~ <1+
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s
>
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Az 47] 98 A5AA A4 axdelE & 5 ok &
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Abstract
Relationship between Body Mass Index
and Cerebellar Gray Matter Density

in Healthy Young Adults

Yera Choi
Interdisciplinary Program in Neuroscience
College of Natural Sciences

Seoul National University

Introduction: Body mass index (BMI) is a measure to estimate body
fat, which has been widely used for clinical and research purposes.
BMI has been used as an index of nutritional and metabolic states in a
considerable number of neuroimaging studies which explored the
relationship between nutrition, metabolism and brain structural
changes. However, there is still much to be elucidated regarding the
BMl-related structural alterations in the cerebellum, and there had
been no neuroimaging study which selectively focused on the
cerebellum, rather than the whole brain, to investigate the effect of BMI

on the cerebellar structure. By implementing the Spatially Unbiased

62



Infra-tentorial Template (SUIT), a cerebellum-specific template which
enables more accurate and detailed voxel-based morphometry (VBM)
of small cerebellar structures, the present study investigated the effect
of BMI on the cerebellar gray matter (GM) density in healthy young

adults.

Method: Demographic and clinical information including age, sex, BMI
was collected from 83 healthy adult participants who were aged
between 20 and 40 years. Magnetic resonance imaging was used to
obtain high-resolution T1-weighted brain images, which were
subsequently isolated, normalized, resliced and then smoothed with
the SUIT and VBM tools. The voxel intensity values extracted from the
SUIT-processed images were used to analyze the BMI-related
changes in the cerebellar GM density. Generalized linear model (GLM)
was used for statistical analysis, with an alpha level of 0.01 to
determine significant correlations between BMI and GM density of
each voxel. The effects of major covariates including age, sex, and
total intracranial volume (ICV) were controlled. In order to correct for
multiple comparisons, random permutation test based on Monte-Carlo
simulations was used to determine the number of clustered voxels

significant at 0.01 alpha level.
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Results: In a cluster including the VI, Crus |, and Crus Il regions of the
left posterior cerebellum (cluster size = 2232 mm?, 279 voxels; mean
z-value [standard deviation] = 2.96 [0.28]; maximum z-value = 4.02;
MNI coordinates at z maxima: x = 44, y = -80, z = -31; corrected p <
0.01) and a cluster including the VI and Crus | regions of the right
posterior cerebellum (cluster size = 3640 mm3, 455 voxels; mean z-
value [standard deviation] = 3.09 [0.43]; maximum z-value = 5.18; MNI
coordinates at z maxima: x = -38, y = -82, z = -35; corrected p < 0.01),
significant positive correlations between BMI and GM density were

observed.

Conclusion: Positive correlations between BMI and GM density in the
bilateral posterior cerebellum were found. The present result suggests
that healthy young adults who are not obese may show greater GM
density in the posterior cerebellum in relation to higher BMI. Such
variations of the GM density in the posterior cerebellum may have
been induced by the neuroprotective effects of leptin, a hormone
implicated in the regulation of energy metabolism and eating behavior.
As suggested by the functional topography of cerebellar structures, the
posterior cerebellum has close structural and functional connections
with the cerebral prefrontal cortex and plays role in high cognitive
function involving working memory, executive function, and language.

Thus, the present result may indicate potential associations between
64



the BMI, posterior cerebellum, and cognitive functioning.

Keywords: body mass index, magnetic resonance imaging,
cerebellum, voxel-based morphometry, Spatially Unbiased Infra-
tentorial Template (SUIT)
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