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A ool A% BAE 4 gliA AwR A Stk

T1 7z 94 F589th 249 314 U= SUIT (Spatially
Unbiased Infratentorial Template)E ©]-§-3F E-A7]5F FEEA Y
(voxel-based morphometry) .= =43t 7 F 1 1 2ol & v

AT

A A 3HY] Ag wAgEE & SApo] FAY ozl
vl ok= &% 399 VIIB, VIIIA, VIIB, Crusll &<l 281
W7 942 As & F AAT (5 z score = 5.03, FDR-corrected

p =0.003, -5 z score = 4.84, FDR-corrected p = 0.005). &3+
i !
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A9 W7 8 B2

1.1 wlAeteep o] &9 9 =g
HAAHEFY (methamphetamine) “~3] = (speed)’, “Hl 2~ (meth)”,
‘A (crystal)” TOoF dEA lom HEN Fo N
W el 7] (N-methyl group)”} Blal- 471 34 &2 olth (Anglin et al.
2000; Ernst et al. 2000; Winslow et al. 2007). ¢]&{3t F+x=2 <13}
2473 (lipid solubility)o] F=7}xo] =& 9 (blood-brain
barrier)} o w27 B33ty TF AAAR Bt AEEH
TrEthE AelA teletvl T (Vearrier et al. 2012).
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4 F L3 (dopamine, DA)e]
FH 9SS = B ohyg AlZEY (serotonergic), =Eot=EH
(noradrenergic), = FEF7IAL (glutamatergic) A2 Al AdGE4
wH] & kg eS 71Xtk (Nordahl et al. 2003; Vearrier et al. 2012).
53] WA Fo AE Vo rA Eanl #H] F7He
& ©11l % (dopamine transporter, DAT)2} A 23 A3

Grtolwl =54 (vesicular monoamine transporter-2, VMAT-2) 9]

WH3lE o] Fo{Zt} (Brown et al. 2000; Riddle et al. 2006).
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FH

Hl g Ervle] = FEA L Ves 4TI, o2 QY
Taprlo] 4 el A AFEA FetA Forn Alxde manl
FE7F oA A ¥ Zolt} (Riddle et al. 2006; Vearrier et al.
2012). o]k =9yl s S7He] HAYSES 7RI Y =],

@Al e Eahle] AESE Aperste] AW A Estulo]

FEAT g AS AFAAY, g mon

2
]
o
12

AADANE 9o BHEs T/ A ABAEZ AF
e =3 555 572Xt (Brown et al. 2001; National

Institute on Drug Abuse 2006). W A~FEf ol o3& w37l g

off
e
Sh
ol

w=7F F7betd mul H]

o\

= A7 A (dopaminergic
neuron)oll A3} ~E# A (oxidative stress)S FA o] A|E2

2o of7]E Y} (Fumagalli et al. 1998; Riddle et al. 2006). ©] 2}

J

Asto] HASHEN Y =EFH T&5 A4 DAT 2F VMAT-2 ¢
%!

i
oft

Zagl A munl A7 wetke] F o] wEE It (Ricaurte
et al. 1982; Bowyer et al. 1994; Fumagalli et al. 1998). ©] % A}gko]
gt WA dF=o] olFoFl=dl, FHaAYEESEY (positron
emission tomography, PET)= &3l A ZA| (striatum)oll 4] DAT <]
W% A4S Huskel o, DAT & 47 & A3k (motor
slowing) 2 719} #ell (memory impairment)?} 1 #¥ i Wkt
(McCann et al. 1998; Volkow et al. 2001; Nordahl et al. 2003). ©] &3+
H At el o] 217 54 (neurotoxicity)> FEof =EFH A £

2 H 21
| |
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(Ricaurte et al. 1980).

)

o <
S

LIS

1.2 W ~otH EF

e

SEDMERE-E

| 2~

&

o

R

o
DP oo

ﬁ

I €t FAR Abgstd v mab)
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I g
Uent %

rsL'
o o{t

oy #7 (rush orflash)S A A sH=d whal,

< 1=

. pa?

sloli} A7 Fole] A¢ W=7 (euphoria)e =717 B

El

FHEstA = &vha A At (National Institute on Drug Abuse

2006). o]t 7]¥ a3} (pleasurable effects)=

rEolegdd, AREUS Z7tE vERA v

AA HAAZ| = e AtetA HEEE o B
A5k S}t (Schmidt et al. 1985; Winslow et al. 2007).

o
- —

2 83t 49 U (tolerance)o] WEstA HEZ

3]

A7) S8 o el o AF aElm e vhrel

T} (Schmidt et al. 1985; National Institute on Drug Abuse

U/\‘]

-

ohe} wl2ersf b

1S
=

ow ALgarr

} (abstinence syndrome)o] WA &A= =4,

O

i

= A=, = e, 3%, 45

A
Z3rE T (Newton et al. 2004).
gets] dEA AA o,
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(depletion)#} A A2 E4k& A EHA 072 op7|gtta e A
St} (Ricaurte et al. 1980; Newton et al. 2004).

Aok el o] ARG A7 o] FEe] whet 2§ (misuse),

o
r'l

@8 (abuse), ¢]<= (dependence) 12|31 % (addiction)®. =

TEET (http://www.samhsa.gov). ‘F&3} &S At =

n| =g Ale)es 2 7]% DSM-IV (Diagnostic and Statistical

Manual of Mental Disorders)& w2, o]&2 49 UAd¥ St
578 & 370 oo A Ve Tl 1d ol @ A&EH I
A er o gl Aoy 1F = Zdsior g (National
Survey on Drug Use and Health 2005). ©] 23t WA s ElT] 8-
AANA, AANA 758 ol e} AbE A R E ol ds m it AA,
AAA SHoA wAGHERS &S AAATIL UAE

Z7HAZ W ohleh AR AR S $PAA S 9ot 1

2R, H 7ls As 3, HEF 52 oIEH 1 9ok 4F
=3} &3 (aging effect)”} UEFE 4= 2T} (Cretzmeyer et al. 2003;
Maxwell 2005; National Institute on Drug Abuse 2006; Winslow et al.
2007). =4, W H o2 A8e He HAS (paranoid), -7t

(hallucination), =<, +&%, A4 ¥H'd 3} (suicidal ideation) & g Al

l

23S =3 (Zweben et al. 2004; Vearrier et al. 2012), 2F&2

4 -] _\._":_-I-!
| ]



TS A A Adgho] ALEE AV A ¥ Ak o
o Slt} (Sato 1992; Ernst et al. 2000). 53] 1% 7]5¢] 4Zbst
&4 o7k, R AR FlERR AREALE] A 7)ol

XY

’d & (abstraction ability) ¥ oYz} stAGFH = AAF
(achievement test)?] 43 58 A3} T3t W1y v} 3t} (Block et
al. 2002). YAl T FlAFHER Y] ARR-S Blobe] g A, AA
o)Ak, Ab} 13l ZAFS ofy]|E B oole} Ea4F T ol A%,

AbaL, Ty Fol oFYPETFS A= Ao®E HiE Tt (Cretzmeyer

L

et al. 2003; Winslow et al. 2007). A&, = ~<sepqle &% %
SHolA 3AGE op7|FoEHA FHoly Al Fof WA}
HEE T, 874 ooyt A7 HE Fad 22 AEA ZAE
&l © 71t} (Cretzmeyer et al. 2003; Vearrier et al. 2012).

e A B S T2 phokE g pRRIA R ofE R Q1%

vj=rel A 2004 A4 EQE Aol w Sk B S ARE-E
= Aol Qs 124 o] m=ele 1200 RhE o R FATE Sl o H
(National Survey on Drug Use and Health 2005), ™A~ $# Efwd

AFEAFE Q] oFE o)FE &2 20029 10.6%°14 2004 'd 22.3% %

T 1 y
5 :l_= _'k..-_'l_'-i. -".Il_
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7He A

2005; Winslow et al. 2007). 12| 3.

Drugs and Crime ¢]] w2 v A¢s

o7 HHEAY (National Survey on Drug Use and Health

2011 @ United Nations Office of

Z+d Al (amphetamine-type stimulants, ATS)7} tju}xo] o]o]

AANA 718 el ARG E = =

=3

]/\oLJﬂF/].U]o] dzH ,
wetel Al 7 gl AlxE A

gz BA A48 RO

et al. 2003; Vearrier et al. 2012). $-2]L}2kell A wl AL H EF S
“AEE (Philopon)y’ ez =™ wieki velo] #dk HE A 2%

Al 4z o] g RE o R wYH AL glon FHE wol

o] &%=

vpor

of a3

2AF7} o] ol gl

F5, F oblotE 2

ek

20009 AR vlobF FEHA

4l Hd F

7} (Addiction Severity Index, ASI)°ll 4]

obZoleby wadt w9l

oM &5 1 g3

W] 2 ob R (84.7%), tRhE (9%)9] w o= AElE o,

Bkt (R 545

F olvth ES vlobR FEA

9 A A AT
ol w7} 2

2009).

3 "
6 "':I'H-_E i

AA

(ot

2 XAt} (Anglin et al. 2000; Cretzmeyer

T kel EAE



WER O, 2010 A ek AP Sl 69.6% 5 AbA|She] ¢ 43
T vlebRE o] 8¥ I olvk (H 2 vhek 2010).
aYEE Fygdew 9 A4 Qi vagse de 2

o]E9 Aol anAl A= AL sty s

AutA o 7 4y = v (cerebral cortex)ol| A 1> (pontine
nuclei)S %3] AR ¢J8S w1 A4 (thalamus)S %3] THA
deud=z dge s Bule 22 4A 3lv (cortico-
ponto-cerebellar pathways, Brodal and Bjaalie 1997; Pollok et al.
2006). o]t i 2} Awe] A4 3= (cerebrocebellar circuit)=
o] &% 9 2 ARAFS o] AN A A FTH F
oe o3 4E o] Ytk B AT o AR
(Kelly and Strick 2003). 17+ tfdo® & vekdh A=
WM i ek AR Bl LWt &5 7ls® oyt
74 2d 9 QA Vs AR B EY il AlAH
2Tt (Middleton and Strick 1994; Schmahmann and Pandya 1997;

Ramnani et al. 2006; Bellebaum and Daum 2007; Strick et al. 2009).

deAoz 4zl 5] a9 oo A4 x4l 7oeh=



|l

il

o
J‘
f
]
[P
i
s
(L
re
X
3
g,
(]
w
<
(/2]
@
3
o
i
N,

(brainstem)ell A4 AF9 A4 AF=E A4 (afferent and

efferent connection)=] o] k= oA 7 ¥+

o_>|:

i = g 7 An
(Schutter and Honk 2005). =3+ 754 HJA AF2ZA A Z2H4]
]

Zp=rell osk 7ol AE o 9= (lateral cerebellum) <]

g
o,

=7

M

o}x] 31 (Reiman etal. 1997), £¢+& =72 w= § 9=

2% (right lateral cerebellum), £Z 3} EQtS FA]o] =72 &=

(

i
u

B>

FH (vermis) Z7+e] 2431 7F - E T (Liotti et al. 2000).

o
=

HEsk A Al

f 84 [o2N W4

FEA QY AT $2TH WA

o[\
o
offt
o[\

i

gApoll A Ay FH-o] F3]) 7H4 (Nopoulos et al. 1999; Ichimiya et al.
2001), 8 & ol (major depressive disorder)®} =< (bipolar
disorder) Aol A A ¢ H3] 74 (Beyer and Krishnan 2002),
Z9 JAF9 S5 (first episode schizophrenia) Aol A A
THO A, #HS A9 VI DY SolA BHe] vt wEE o

Rasser et al. 2010) A% 7} 74 Zdo| #AHIY S 7S

—

8 715 (executive control)¥} 72 kgl Q1x]A FA

=

WA YT FAHEYGE A7 A A=A (Bellebaum and Daum
2007; Timmann and Daum 2007; Strick et al. 2009). 7] % 37

8 2] & 1)



Ao A= o] A (language tasks) 3 Al 424 2] A3}

245911 (Schmahmann and Caplan 2006), 53] 21014 #+¢]

ry

)
12

A (verbal working memory tasks)E 43& 74-¢- Crus I

o
12

3

= XFete 4 9 919 2437 BaE St (Chen and
Desmond 2005; Ben-Yehuda 2007; Marvel and Desmond 2010).

A5 (autism) $olE IO R S F A HAIA AT =

21489 (shifting attention)2] A 3}7F 439 7]% Aol &}
AAFA Y Bkt (Courchesne et al. 1994; Frank et al. 2007). %3t
T HEFT TR AN EAEAE W e Ay Q1A
A%F S35 (cerebellar cognitive affective syndrome) 1ol 4 7174
ZA Aol W oyt HB Vs, 33 1A, 1A AP 9
2E neFd 1A Vel o] iy, AYTE 19 A

75 #oAg 7heA S AEH o R Bol F3 9l ti(Schmahmann
and Sherman 1998; Schmahmann 2004; Schmahmann et al. 2007).
SHA, a¥E QP Aom SN THe 299 W
(hemisphere)Z ©o]FoAH, 7}2 WEgo g A A (anterior
lobe)¥} $-4 (posterior lobe)e] 4~ A (corpus cerebelli)2}

el 449 (flocculonodular lobe) 0.2 U0 X3l F Ao W2
2~% (lobules)E= ¥t} (Herrup and Kuemerle 1997; Voogd and
Glickstein 1998; Manni and Petrosini 2004). 12]1 7} 99 A=

e 7)5S dadsts Ao vuda Q) theele] dAaAs
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1
rlr
>
ok
(L
~
olr
=

f
e

ZHW ol A A V)sols wHo] = Ao WY
(Levisohn et al. 2000; Schmitt et al. 2001). =3+ 4¥ AFFH FJ&

7}

L

T A A FAGe] Bojdral dHA v

o

(Schmahmann et al. 2009). o]e]dt A¥= A 7} o] &=

A% Y= 7 Aot Fssitta & 4 2t (Levisohn et al.

B>

.

b

ol FHkele 5 Vs Folgt &Av F9 249 &4
ol 9ate] 715 At AT S Qlormg, oleld I W
(confounding factors)®] &S et A Hajo] o]Fojxjof &

o]t} (Frank et al. 2007).

N

1.5 ol o &Y B AT B AT

i e}
= a1

o)

Wl AQFH ERRD & FE $xte] fivE e R B Ve 4, 737
Gt A7 A& = vk A5 (frontal lobe)k 714 3
(basal ganglia)®] 7|5 Ak ofy el tiy v]& e 3] (volume)rt

U5 (density) 74 Sofl tial] ohFst A+ dapsEo] AAIEHIT Stk
10 2 S Ekw



(1 23). =3 vlaguen ozow waka oy 9ozt
gaIste] Fo)d, st vled, 18 V)% 5o PAdS

NABRJA 5] £4= ek 2102 YERH (Simon et al.
2000; Block et al. 2002; Kalechstein et al. 2003; Salo et al. 2009).

SHAINE obAM vl 4 2 T wls wAdE

1o
B
o
DX
iy
B
A
2
Ir
o
o%
o
=
)
2
1
|

= atdew e Aon

Ay A SFFAFAZEFo|E 824 (glucocorticoid receptor)?]
a7 YERA] ¢Skt (Lowy and Novotney 1994), 42

HA = EHEzA

A3t d 4 (tyrosine hydroxylase)®] <F=

N

o]EA o] Frksk= Aol #FEE T (Ferrucci et al. 2006).

b

A o v AaskHERRlo] FRlE A, #9 AnelA tokAl#

to

A3t AAA (diazepam binding inhibitor) mMRNAS] W& F7F = c-
fos¢} aldolase C mRNAS] & 7+47F 5%l © ™ (Hamamura et
al. 1999; Tamaki et al. 2008), 4 I oAl == I HZH F%&
(norepinephrine concentration)®] -2 7+4~ (Wang et al. 2000)7}
YERTE QIS e R 3 VA HIY A By BT
vl eto] =il FEAo] Zfol7F itk BAY AlZEd
FEA7E Aad Ao Bauw uf ik (F 1 Fa). 18

259 =4 E59 A} (regional glucose metabolism)2] 5717}

wEEoH, HT & B AaE Ao 2 AR AT

1 , ,H o 1” aﬂ T



olET Y 4y FRFE A (inferior semilunar lobule)] W% S7HE

wo] A Mol Fe HEFe AH s £¥E WER $HEy
Bitatshen Aade] WA 1 we AR} wg s et

AdE 7FA 3 A7) WiEo 2 Az} (Saeed and Puri 2002;

o

Diedrichsen 2006; Diedrichsen et al. 2009; Kiihn et al. 2011). w-&}4]

N

1= A2 WY S 28] S8 "bEo1x1 SUIT (Spatially

Unbiased Infratentorial Template)i= 4] o] 3| 5-&-24 -z st

N

S AR

i

Al

okl

& olorR olF &8st &MY 24,

Mz

=
K

7152 ol o

o

7ol 7lss Z o & Helt} (Diedrichsen et al.
2010).

t o] S5 Zell (addiction disorders)®} ¥ dlo] Ao o gof

st 14l A FEva & 4 vk (Kihn etal. 2012). 53]
7rE F5ol st Fx24 ¥IY AFES 2, 77 (cocaine)
o)E FA oA Ay B A W] Hu FFATE HAESGAL (Sim



etal. 2007), 3l Z<! (heroin) o]& Aol A 4y Ao U7}
oA 7w Zlo] golw it} (Yuan etal. 2009). T3+ U=
S5 (alcoholism) $FAbrell Al A o] F3] 7HA7E #EEH L
(Shear et al. 1996; Pfefferbaum et al. 1998; Sullivan et al. 2000), # <
SUIT & o] &3 HAVINE FH24 S Fall HaE (nicotine)

&AL v Aol Ky i

N

} ®u¥lt} (Kihn et al. 2012).
aHER Bu ged S e AR oA v gk e
o)EF HHH AN x4 W3t 53] 34 Wno] o]t
tieto] Ay E de7k Ut
Bk oyl 4 2d WO o] el Slo] WA ool uhet
A7 d2A U 7hsAde L Elior & Zlo|tt o=
gl o % QIS ¥ Wskel wdsto] A xko] (gender
difference)2] Aol tigh A Ayp=o] Ao w AL UV
=°]T} (Dluzen et al. 2004; Dluzen and Liu 2008). 53] = g4
A=A FA v e ARAY] 95 59 94 (occipital
cortex )@ T % (midline brain region)oll A =4 ¥ 7%
(regional cerebral blood flow)o] 7+4~%] A1} (Chang et al. 2002), ©14d
| QP EFRl ARG Ao A = e A obStd A FEe 54
= Z % flA} (relative regional cerebral glucose metabolism)
Ast7t 2 AREARlA et Bzt QISlTE (Kim et al. 2005).

T3 F2E MYy ATE B B4 dagde aTe 39

13 - e B



459 37} o7k B 74 (Chang et al. 2005), A+ Bl A
(diffusion tensor imaging, DTI) =415 &3l A5 == (corpus
callosum)oll 4] WA o] AAZE (integrity)S UEH F+= 2

H] 59 % (fractional anisotropy, FA) #ko] oA Ko}t vbAl el
(Chung et al. 2007).

upeha] WA ERTl o] 217 54 (neurotoxicity, Dluzen et al. 2004)-S-
e o, 2xe] vAs wAYE o= o] el uet
zpol 7k sle=Alell il A = glstoiof gk Zlott,

14 :l_=-| _kI:_1'



Table 1. Structural and Functional Neuroimaging Studies in
Methamphetamine-dependent Patients

Authors Imaglqg Location Subjects  Results
modality
\e/tolaklow PET Cerebrum MA | Dopamine transporter in
(200'1) Cerebellum Controls striatum, but not in cerebellum
Paulus | Activation in dorsolateral
MA prefrontal cortex
et al. fMRI Cerebrum R .
(2002) Controls No activation in ventromedial
cortex
Chang MR Cerebrum (I\aﬂ):-r\)-ose d No group differences in whole
et al. ; brain volumes and in volumes in
Cerebellum  children ; :
(2004) Controls thalamus, midbrain or cerebellum.
Regional glucose metabolism:
London MRI Cerebrum MA - 1 in lateral orbitofrontal area,
et al. middle and posterior cingulate
+ )
(2004) PET Cerebellum | Controls amygdala, ventral striatum,
cerebellum
London
MRI MA .
?2t (?(I).S) + PET Cerebrum Controls | Hippocampal volume
Qrgl MRI Cerebrum MA | GM density in right middle frontal
(200.6) (VBM) Controls cortex
Sekine | Serotonin transporter density in
ot al PET Cerebrum MA cerebral cortex , midbrain,
(200.6) Cerebellum Controls thalamus, caudate, putamen,
cerebellum
| NAA concentration in frontal WM
Sung MA with a large cumulative dose
et al. MRI Cerebrum Controls Negative correlation between
(2007) frontal GM NAA concentrations
and the total cumulative MA dose
Berman Glucose metabolism:
ot al. PET Cerebrum MA -no change in sub.cortlcal. regions
(2008) Controls - 1 in neocortex, with maximal
increase (>20%) in parietal regions
Schwartz | Cortical GM density in bilateral
ot al MRI Cerebrum MA insular and left middle frontal gyrus
(20 1‘0) (VBM) Cerebellum Controls 1 Density in left inferior semi lunar
lobule of cerebellum
| Activation in bilateral dorsolateral
Kim prefrontal cortex, insula
et al. fMRI Cerebrum MA | Activation in primary motor
Cerebellum Controls
(2011) cortex, supplementary motor area,

putamen and cerebellum

Abbreviation: PET=

positron emission tomography, fMRI= functional magnetic

resonance imaging, MRI= magnetic resonance imaging, MA= methamphetamine, GM=
gray matter, NAA= N-acetyl-aspartate, WM= white matter.
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B Aol A e B st JEE Aleske SUIT
A7 P4 " (voxel-based morphometry,

VBM)E o] &3sto] wAH el o) E bt o] A 34 (gray

matter)2] W% (density)7} At Ewtol HE AEAEA

w45, el meh aMe F2H Wate] Aol 7t 9EA

22 A5 714

Boodqro] A WA 7S WA EY oFE Sapgto] FA

el wisl e glde] derh 25 Jlojgkal 7Rt

WA v 2gebe] A o] el A JFS
MAS Aoleta Ba o] e 37 WEy Ffolst Ag

Zolekal o3kt (gender-by-drug interaction).
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3. A7 U & 2

3.1 A5 g

oghslebnl oE S duvlebE e ER SHAE
FE Foko] ARAR o T Fo oAE dAISH AES EAHESIT
19-49 4| 9] FZ A SCID- IV (The Structured Clinical Interview for

DSM- V)% o §-3to] B7Hskle o w2l ebnl o2 o) 7

o] Qom, 2wl P A AT 17U A S
EFSE O oFE (379 FAL A AgHol Yt AL
MY 71F0R Sk 2ea A4 E S Fad 9oy
AW I YE A 15 JAn gl AAY WA A
AAY Q7 FWk A A9, A A5 80wl A

ol FAFH ASw AT olN A glsark
P dETe AEY W A AR FuET BH Ann A7

izt Fol| A AutE 9l o, 19-49 A 9] Y2 A SCID- IV (The
Structured Clinical Interview for DSM- IV)Z 3 7131315 o Al

Z3zlo] o] gl A= AAH Vo2 skt 18 A4 ==

o] Fog sy Aol Gl A%, WARY Ex AN
A7 o7k i A%, A% A%k so v B9, A BFY
Fojo) FATE B¢ Aol A MABATE
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olof wal 31 WAgEY oF #xTH 31 e FA
e A7 dgoz s
B o= degstuy 9 o ae]4 093] (Institutional

Review Boards)?] %618 ®gtth, RE & jo| A A2 22 3}

e

e

o,
=

et Aol AlgEglen, JAA7E M SoE

ol

o

A5 el FelshAl shelrk

ol

32 7x24 AV¥HEIE

dzgksebel ol fabwat 9 vzwe) r2E WA YR
(structural magnetic resonance imaging)~> General Electric 3T
scanner (General Electric Medical System, Milwaukee, W1, USA)Z
ARgsle] BSEH AT 7 dEARRE T1 dx 98L 3-
dimensional spoiled gradient echo pulse sequence & ©]-&3}<]
Aol =1, 72+ PGA-E echo time 1.4 ms, inversion time 400 ms,

repetition time 5.7 ms, matrix size 256 X 256, field of view 22 cm,

number of excitations 1, flip angle 20, slice thickness 0.7 mm ]

TR EFo| uel A4 (sagittal plane)ol 4] 248 o] # FH T
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L FAE" T1 242 949 U359 MRIcro AZE ¢ =

o] g3slo] A2 (preprocess)st3itt. 7] WaF (orientation)s
M7 erA B4 (neurological view)oll Tl 0w B4l o] Xlo] =&
1x1x1 mm = 3}, 1 W™ (anterior commissure)®] x,y,z HEE
0,0,09 9A=2 =433t

Uh2 © % MATLAB version 7.01 (Mathworks, Inc., MA, USA)ef| 4]
AFE-E = SPM5 (Wellcome Department of Cognitive neurology,

Institute of Neurology, London)E o] £-3lo] 34} g @ #24

3}7go] o] Fol At

3.3.2SUIT H&3ls o] &3 HA7|RF FeEH

AT Ao 22 WIS AT FHoRA FAT7|N HE
W (VBM)O] ARREQIHE o] W2 3o R B w5
(tissue concentration)¥? of} F-3] o] Zpolo] tfs] 7 A
Ax ApA o=z #2st # 9le= AF 7IHelth (Ashburner and
Friston 1999; Good et al. 2001; Kang et al. 2004). 5@ 4 ]

T4 A 28l gl o] &5 3lY ICBM (International

Consortium for Brain Mapping) 152 ®1&31-2 4 o] & 4-sh4]
ARE T893 AlgstA xEoto] AN Fxo] JHol £A X



e HIYs A9 F 2 dagsES o83k suIT 7+
tk=o] A A HSlt} (Diedrichsen et al. 2006).

b 2 AgeA = SUIT B1&E3l < o] &sto] HAa7|RE
FE A o] o] FAXA Hl=H, 1 N AHS v Zoh
WA SPM el WlAl¥ SUIT toolbox & ©]&-3te] F=9] 24 02 HE
2y 9} H7FS Ee3lal (isolation ©HA)), tHEO R 4y JAES

SUIT ®1&3lel d4dstr] 918 vldd &3+ Fatrstskltt (nonlinear

1=
Y,
il
HII
ok
ol
r
&
o
o
)
B
&
e
it}
@
@
o)
(0]
oy
X
o
oX,
i,

FAES 4mm 2 ¥EX] 3 (full-width at half-maximum, FWHM)<-
Zb= 7F-Al’F AYd (Gaussian kernel) 2 53 A3l 215 o

en7b oA A o w AHSs3 T (smoothing ).

w

4 A A

A oz WAQEER o) E bt gF Q1REHA] A K9}
AFA JH ] EAof 2po]7} Sli=A:= independent t-test ¢} chi-

square test & ©]g-3to] HAS AT FAZ4 Fo)Ad2 p=0.05=
5131 © 1 Stata/SE 11.2 for Windows (StataCorp, College Station, TX,
USA)E # 7ol ARg-aF3iTh

U ©@AlZ g7 Asgste] SA7A AZ T1 97d= sl SPM

(Statistical Parametric Mapping) version 5 2] two-sample t-test &=
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A Aglsto] wlAHErR o) E AT Y thEa (AN
3|4 e U 2ol ®AE3TH (Sowell et al. 1999; Apkarian et al.
2004; Eckert et al. 2006; Karas et al. 2008; Ridgway et al. 2008). T+%
H] 3 (multiple comparison)oll A Al 15 @FE I]8}7] 93 multiple
test correction ' © % = false discovery rate (FDR)E %] 83}
EASAT a8 on nta (S A S AE A7) 300
(extend threshold k = 300), 5714 ¢ 4> FDR-corrected p <
0.05 = A3to] skt

A B4 A3gE 5 MNI (Montreal Neurologic Institute
coordinates) # 3 i= Talairach %% W33} T} (Kim et al. 2002;
Laird etal. 2010). 3l Faxgkel disl] 4249 gE A&
(probabilistic atlas, Diedrichsen et al. 2009)$} Schmahmann et al.
(2000)°] #+4H (nomenclature)o] % -g-3}o] Al o] 3j 5§84

#1217 574 ¥ %tk (Baumann and Mattingley 2010; Kiihn et al. 2011).
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A 723}

4.

JE Bl Ay

cER IR

Sk A
|

41 <A1+

HA

o] 7} ERA

Eis

Ao f9

ilf

t} (p > 0.05).

s

o)o

ﬁo

Bl ke

2

o+ 15.9 dx}

k)

(€]

o -9

A
o

Jvmo

S5 BT (t=11.39, d.f=59, p <0.001).

=51, p <0.001)%}

543, d.f

(Beck Depression Index, BDI) 2 ¥} (t

%= (Hamilton Rating Scale for Depression:

=

5o

N

9

|

48, p < 0.001)°| 4] W ALH EFT

6.03, d.f=

HAM-D) 2<% (t

el

HH

oy

—_—

X

&+
o}

X
B

apo] 7k Q11T (p < 0.05).

Eis

A AR A7)l QoA E f9

2 Abg)

&

S o AHEES 0.6,

Bt 22 Ao,

264.7 g ©]2lth.

B
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Ur,

ZFol 7k le.

Eis

2

Al 7] o

Eis

Apel7h AT (p <0.05). 14

Eis

BDI, HAM-D, € 53] 9]

ato] 7} EbkT} (p < 0.05).

e

Pl ym ] WSl A

S

A ]

SRS E

o] me} TS

=z]
=

N

Aol ok, o

Eis

2

o} (p < 0.05).
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Table 2. Demographic and Clinical Characteristics of Study Groups

MA group Comparison group g
(n=31) (n=31) P-value

Gender(male), number 20 (64.5) 20 (64.5) )
(percent)
Age(years), mean (SD) 32.4 (6.45) 31.5(6.21) 0.599
Right handedness, number 27 (87.0) 27 (87.0) )
(percent)
Education(years), mean (SD) 10.3 (1.77) 15.9 (2.06) 0.000
BDI, mean (SD) 19.0 (10.05) 6.7 (5.82) 0.000
HAM-D, mean (SD) 13.1 (7.59) 3.0 (4.00) 0.000
Monthly alcohol drinking,
mean (SD) 15.2 (25.22) 4.8 (5.46) 0.053
Monthly smoking,
mean (SD) 15.5 (9.64) 1.9 (4.43) 0.000
Onset of smoking(years),
mean (SD) 16.1 (3.07) 9.4 (10.34) 0.021
Onset of MA use(years), mean 22 (5.06) ) )
(SD)
Average daily dose(g), mean ) )
(SD) 0.6 (0.47)
;I'é)tDa)l cumulative dose(g), mean 264.7 (252.91) ) )

Abbreviation: MA= Methamphetamine, SD= standard deviation, BDI= Beck Depression
Inventory, HAM-D= Hamilton Rating Scale for Depression. -= Not applicable.
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Table 3. Demographic and Clinical Characteristics of MA Group and
Healthy Comparison Group Considering Gender

MA group Comparison group
(n=31) (n=31)

Male Female Male Female

(n=20) (n=11) (n=20) (n=11)
Age(years), mean (SD)  33.9 (5.96) 29.6 (6.63) 33 (6.02) 28.8 (5.85)
Right handedness,
number (percent)* 20 (100) 8(72.2) 16 (84.2) 10 (90.9)
Education(years),
mean (SD)* 10.8 (1.53) 9.4 (1.86) 15.9(2.38) 15.9 (1.45)
BDI, mean (SD)* 17.9 (10.22) 21.8 (9.71) 4.9 (4.41) 10.2 (6.78)

HAM-D, mean (SD)* 13.5 (7.96) 12.4 (7.29) 2.4 (3.26) 3.8 (4.94)
Monthly alcohol

drinking, 18.7 (29.57) 8.3(11.60) 6.2 (5.45) 2.4 (4.85)
mean (SD)

Monthly smoking,

mean (SD)* 16.3 (11.05) 14.2 (7.47) 2.5 (5.40) 0.8 (2.04)
Onset of

smoking(years), 16.6 (3.43) 15.5(2.59)* 12.6 (10.10) 3.5(8.57)*
mean (SD)

Onset of MA

use(years), mean (SD) 22.1 (4.23) 21.9 (6.77) - -

Average daily dose(g), ) )
mean (SD)* 0.7 (0.50) 0.3 (0.23)

Total cumulative

dose(q). mean (SD) 323.6 (275.01)  140.4 (141.80) - -

Abbreviation: MA= Methamphetamine, SD= standard deviation, BDI= Beck Depression
Inventory, HAM-D= Hamilton Rating Scale for Depression, -= Not applicable.
*p<0.05.
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4.2 4+ 3He] dx 4 A3

2 3| ZelA VBM & FDR w415 33 A3 wAekaehd
Ol E #AbTro] A xRl vlsl] 4E A 9 (bilateral
cerebellar posterior lobe) VIIB, VIIIA, VIIIB, Crus Il & 2] 32
Yool Folsh AAar yEbg T (Helek A BA, Left: FDR-
corrected p value = 0.003; Right: FDR- corrected p value = 0.005).
(2% 1, 14 Fx) jbdo] wAadkseyl o& Fxre 4y 34

WEsb P TR fo8 e gae EASA e

A el oE bty A o2 vl Al folv] g
2}o]E Hol= oFZ Ay 39 VB, VIIA, VIIIB, Crus Il & 9 o] A
=Y AH (cluster)?] thsEgks ol &sto] Xyt A 1Ho] A

28-S ®7] 3% two-way analysis of variance (ANOVA)Z

o

Aldstitt. 1 At x99 5 ol weld dHAdS
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w2k B O S Ao 3] U HATVE oA HAqke e
Ol E AT oA A diRTe vl AET ¢ At A9
gelE et Yol= FWEF (covariate) 0 KA A fo|x EA3t
ANE D5 F AATE o)2N Ak A Alole] {-om] gt

A& 28 73 (interaction effect)’} Slo= & 4 Ut (F=60.72,p
< 0.001, p for interaction = 0.007, 1% 3 FXx).

T g txTte A WA HER L] AT BAV) gloeER
oFEo] AN 3 "o Zrao A dFS wiAE dEeM
Aol wE Zpol7t AEAE dotry] flske FUF EA=

AN FAR R HAI o4 1k 2ol7} YEht 2 4

A< Felsk 4= 313t (ANCOVA, F=6.07, p < 0.05).

b 2 A Ay 3 W] Al A Aot =T
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Figure 1. Significant Regions of Cerebellar GM Density Reductions in
MA Group Compared with Healthy Comparison Group

Statistical parametric maps (t-statistics) showing significant GM density reductions in
the cerebellum in MA group compared with healthy comparison group adjusting age
and sex (p < 0.05 (FDR), extend threshold > 300). (A) Anterior, inferior and antero-
lateral views of 3D-rendering. (B) Coronal slices from y=- 18 mm to y = -62 mm.

Abbreviation: MA= methamphetamine, L= left, R= right, FDR= false discovery rate.
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Table 4. Significant Regions of Cerebellar GM Density Reductions in Patients with MA Group Compared with Healthy
Comparison Group

MNI Coordinate, mm

. Number
Region | | of Voxels P FDR-corrected z score
X y z
Left) Posterior lobe VIIB, VIIIA, VIIIB, Crus Il 28 -58 -60 363 0.003 5.03
Right) Posterior lobe VIIB, VIIIA, VIIIB, Crus Il -30 -72 -54 461 0.005 4.84

Age and sex were covariated in the analysis of cerebellar GM density.

Abbreviations: GM= gray matter, MNI= Montreal Neurological Institute, FDR= false discovery rate.
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Figure 2. Box Plots Showing Differences in Cerebellar GM Density in MA
Group Compared with Healthy Comparison Group

0.85 -

0.80 -

0.75 -

0.70

Cerebellar Gray Matter Density

0.65 -

0.60 -

Right Posterior Lobe

P<0.01

-

I :

= MA Group
——= Comparisons

Left Posterior Lobhe

P<0.01

i

The figure shows that MA dependence is significantly correlated with reduced GM
density in the cerebellum, which is derived from the regional eigenvariate.

Abbreviation: MA= methamphetamine.
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Figure 3. Gender differences in Cerebellar GM Density Reductions
between MA Group and Healthy Comparison Group

0.80
= EE
0
(=]
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2
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c
[ 4]
[m]
1
L]
5
= P for interaction = 0.007
2 010
=
U]
|
]
©
0
% —— Male
(¥] —ii— Female
0.65 -
Comparisons MA Group

GM density in the left cerebellar posterior lobe was significantly different between MA
group and healthy comparison group when analyzed between groups defined by
gender and diagnosis. The results showed the interaction between males and females
and between MA group and healthy comparison group related to GM density (F =
60.72, p < 0.001, p for interaction = 0.007).

Abbreviation: GM= gray matter, MA= methamphetamine.
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5. a1z

51 A+ Az}

BoaAge] 3 A HEEA vAagsEn oFE sapie] P
el e ¥ 829 Wrerh e Holetu a3
A WAk o) E Sabte] Ao 2 wWEs QA

k7] 29l&l SUIT toolbox & ©]-§-3t FHAZ|HE FEjiEAH (VBM)=

Mlmate] felgh 34 WEY Aol HAT & AU (17 13

ke

2, 3 4 Fx). olyd WE Aole HAgHE Y] AFRHYow
Aato] Ay GO AABAMEF £ ofef whEh Fxp ol A
34 dxe] Asrt vetdA d 7beAd S Kol Fohal & 5 Sl
M oA vl vhel o], wAdH RS DAT ¢+ VMAT-2 9

715l ot Ee AL DAT & U fgAE opy|ge =X d=

o
£
Fe
f
b
o>

FA1Z1 Al "t} (McCann et al. 1998; Volkow et al.
2001a; Riddle et al. 2006; Vearrier et al. 2012). ©]2]3t A3} = tj ¥

ol YR wany Ay vk NP5 S

=
k=
o

Ao, v 24 wke] e st A8

A

o
|o

= Az,

32

B>
L.

& Wder ARy, $59 A v Ad¥ds Fotol mavl

N0

%2} (dopamine axon)®] 5™ A=} (special marker)Q! DAT 2]l ] -
¥ ) -1l =
32 -"x!'ll'.l_.l'-'l
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VMAT-2 ¢} D3 =31 =84 (receptors) T3t & W2
A8k ¢leo] E1E Y (Diaz et al. 1995; Barili et al. 2000;
Melchitzky and Lewis 2000; Kim et al. 2009). 7|52 %
Aol v FHo] U= DAT 7F &S AA=E, DAT
antagonist ¢! methylphenidate & Al-4-3Fo] S22 A Zof
(attention deficit hyperactivity disorder)9} A F5-712] ##EAdo]
A A1 = 21tk (Anderson et al. 2002).

83 FES e ® st AFelA F3 (midbrain)] H5 17|

94 (ventral tegmental area)ell F3X¥ E=3z5A AAAMEE

=2
(@)
o
Q
3
>
o)
g
(@]
>
()
[
-
(@]
>
2
T,
>.
i3
%
»
S
()
-
(0]
O
o
[v)
-
O
(@)
=N
(0]
X
X
>~
>
i
=2

(afferent fibres)E F3l A¥ FTHER ofygl AFH Tl 7HA]
AZdE o 9l&°] HiEATE (Vooqd and Glickstein 1998; Diamond
2000). B3k o] A77IHE Fato]l &y 9 Zolx DAT ¢ 37}

gkel®l wl 2t} (Delis et al. 2008).

A5 94 53 A4 (neo-cerebellar regions) Aol & A=
AAst= 3= (cerebro-cerebellar circuits)7} =48k, A4 o

Feol PAHE WS LT F9elE AW Aol



TE®ga & Zolt (Diamond 2000; Middleton and Strick 2000;
Finlay 2001; Kelly and Strick 2003; Molina-Luna et al. 2009).

| Aok EpRl o] A=A B ko], obA FIgh upel 7o)
Wl G gos # 75 WY AT A
AZA (striatum) b= TFEA A9 -9 DAT 9] a7 #ZEXA]

o}
s

0
i)

[n}
ot
4
L

717k uhE DAT 9 3] AL & vludel

NAME Ay oA 8k zko] 7} yebbA] ¢k Skt (Volkow et al.

2001a, 2001b). ©]# 3t A= 42HE o=z 3t 7| B4
W ol SAE whdste, Ao =apdl 9 Eal A o)

DAT o] W7} the] Jut Az o vhof Lxfof tjgh o=
Ao ofE o] S HojFrhar & 4= 9t} (Anderson et al.
2006). 18\ 53 @A, Z7RR1 9)E #ALY] WP Aol A
=yl AFAEZF Qi T Jdolut Al (thalamus)dt 22
L9l F 2 (dopamine pathway) 2]l 4 2] FoM = &3}
A7 el o, o] Tyl Y= (dopaminergic deficits) ¥}
" F 9SS A v Q) (Tomasi et al. 2007). &3
Aok E R o] A w8 APS Foko] AERAE ok} Ay
NAME =98] F5 A7 #FEo2A ojd e AA 54
AFAyel B3kt 5= Q= Ao 7 BTt (Matsumoto et al. 2008).

e ol gt ATES AHE w2 Aol viAakHERl o=



NAEA e olste] 2o A7 AL} o] Lhehd et

3, A¥E= AA F/W B9 (intracranial volume)e] 1 &2
A = T4 % 2 (central motor pathways)S %4 &}¢]
+F 75l o e AL, HAA s dAFo =M A
FAol 7] W ofyel 1A VedE H-E= A Y
Gl 3]sttt (Schmahmann 2004; Shutter and Honk 2005; Pollok
et al. 2006; Bellebaum and Daum 2007). ©]&]3t 4d =
iAo r Feto] 2k Y99 7lso] AAH A= (Levisohn
and Schmahmann 2000; Schmitt et al. 2001; Frank et al. 2007;
Schmahmann et al. 2007), &<+ thst HJd AT+ES T3,
Hlw gk Aol = 4] o2 A, s A
(sensorimotor cerebellum)=4 <] (anterior lobe)¥} 4% VI, =4,
QIA] 4 (cognitive cerebellum)=A] =2 A% VI A< VI
(Crus I, Il 323F), A, 7+ 3 s o] WA A4 (limbic
cerebellum)2til st= ¢ F4 (posterior vermis)® &% Thal

® 3k}l (Stoodley and Schmahmann 2009). ] ¥ o5-of 2 &3k
B vAakHE ofE S &AM F A 2% Vs (VIIA,
VIIB) 217 7]5 (Crus I, VIIB)S ©33ts Gel 7334 ool

g

ot
S

SR F 7 3Uth
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AAZ v A B o)FEo] QA V5o & oIt AT
A7t AEFH o Bauwal vk wAskH e ] AR 7] 1ho]
#S 7% (current methamphetamine user) <1012 5341 (verbal
fluency), A& (1Q), 44 & &% (psychomotor speed)ell =
FEF= PAA oy T Holug Fo8 Tl 1A 7] o]

A 8}% 2L (Simon et al. 2000), o]Eoy g3 o] A stE

Kalechstein et al. 2003; Nordahl et al. 2003).

whEbA] B QoA 9k ax 349 VIIB, VIIA, VIIB, Crus I
dololq Eht 54 WE at ulAgHIEE oE AR5
A 75 Askek AdEol Sl THsAd = AlARgtRaL & Zlojth

3wk ohe vgseln e o] wstEY Bl &%

22 7% Aol (mood disturbances)¢} FAEAZAS oFr| e =
okl &re A it} (Cretzmeyer et al. 2003; National Institute on

Drug Abuse 2006). 23] & AFoA = Wl AvEA 7+
A AHE AN FHO A ool AR kot
(Stoodley and Schmahmann 2009). 781} o]u] A3 nje} 7o)
2¥7F WdAA e Zo] S 2dste e J9 3} AA
Ath= S 13T 9 (Schmahmann 2004; Schmahmann et al.

2007), & Aol x4 oo dEE F

o
f

& o
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= A7Z+H} (Schutter and Honk

Fotct

°©

g

A
=

F&ol 2w Qe wet 4 3F] UWE xpo|rt =4S
A

2005; Stoodley and Schmahmann 2009).
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81Tt (Chang et al. 2002, 2005; Kim et al. 2005; Chung et al. 2007,
Dluzen and Liu 2008). 43 #}©| (gender difference)E ©F7| st
QQlogxM oA T2l o AER (estrogen)o] IutH o7
Gl A =, olv s= Aol FArstzE- (antioxidant
properties)= &3t 2174 B3 g7 HuHHQlS ¥l ol

(Culmsee et al. 1999; Azcoitia et al. 2003) ™|~ = EFl 9] A7 54

Segura et al. 1999; Dluzen et al. 2003). ©]¢} 72 Q252 13|

3w gge) advh oo avnch vaghderne] o JFS

Y B AT dRe] S A3 53 o4 de] A

ol matetie, A ApolE AT Zlo] Aok ER

(statistical power)2 £°]7] 9lal, &5 FEI 479 FES

oz g Ayt Bad o7 BIlth (Moher et al. 1994).
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52 2 A7 ©¢ w37

=

B AT 2y %o FAT WagsEn BAe A2yl
ua) ol okelEbe] €] Aol v & Gl h AT W
Ao g, AgdE oF dREn g4 dEE 1 £49
24 Aol pAsiths elA ooz gtk A¥ o ¥v)E

=R st Aol Ax 9 V)5S AFsl=d ES%o] Aty a4

fn

1o (Saeed etal. 2002), & AFAAM = Ay 3]A HUE Zo]E

wAgto 24 WAGHEM oET 4Au o] F2A o] 7Ho

2

r

gol e FAE ATsAAcin 2@ 5 Ak
Wl opjeh B AT Al P A au 8 YEe
vt ¥ 27 ehde molFOomM Just vgbebn o)
N Aol 2o FoE Hed b AT

Yo} el WY o SUT HIZE olgd Bl

B PO e 5 w4 el ohyn B AAE B4
W e F AAH et BAIRE AT 93Ee

HAse + o] Y (Mueller et al. 2006; Kang et al. 2008;

?9

Lim et al. 2008). ©]&]3t A5 A &4 WS 5 vlw JAzt

1%

SEERCIECIEEECEE:

i

st 4 glom, WAl 1

Frt

7l WA gEe] JLE45 (Honea et al. 2008; Di et al. 2009;

Kihn et al. 2011), =3} (Sowell et al. 1999), &=3s}o]™ X]uj] (Lim et
39 ] 8- L'.]i [

LH
. fiil F'



al. 2008), =+% 7H2 (Mueller et al. 2006), 7= (Shah et al.

o
RS

1998), "4 5 F5 (Apkarian et al. 2004) 5 T}orst shApT

Hé‘é

oly el S o s W x4 W3l (Maguire et al. 2000;
Merchelli et al. 2005)E 4] 3h=t] AFS-= 3L Ut} I %
ekl o] sh A WS AN 8T Ay aHA ARE
AAIE] AlwetA] Xoke] &N F2E AUE YT F glleE®
SUIT B1Z81& o] g3dte] 1 34|15 sl detaxt a-tt (Diedrichsen

2006). T35t 1= AFEE AN A7]FY A% (cerebellar MR

d

atlas, Schmahmann et al. 2000)°] AR A FHA9] FAdS
dAstax HAdE FEE2 A% (probabilistic atlas, Diedrichsen et
al. 2009)5 #&3to] 7t AEe dFGA A S Hy S

4

Al = AT

X

wpebd B AT elAE Mg F2E ol tiste] nuh Fua
Avbe} FAjo] A BomM A o E el
a0 54 golof et 84 WE garkd #3E 5 Utk

teol olgld & w4 W BAVF Hie g e

53 & A+ A 9 F7F Ao HeH

40 M =T



. ¢
M ) o_a ﬂ_l Mﬁ c_a
9 ° B o —
o M S R Ay . LT i
g % 8 5 . y o= T L = g
L - w3 AT u_ 5
m F oo Lor T ¥ s
o~ = By i | -
...m W % oR T lﬂ o ) o7 2l ,._WM = ; 1v_AI
2 = 8 < LIRS ® oOE 7 x
: L F 2 55 A N M ﬂ
S E SO M B IR = ofy
S <0 ™ Y EJM TR w o
M= Muﬁ A= o HO ni = E i nla © _MH
X . k
B Uy MM M X mm 2 M ﬂ o S 2 >
=T - S tEe
W Eﬂﬁ L T o Bpoox 2 mM T § X M_ﬂ
o @ X fRR— T o ° R 2 3
_ B o o s X i G+ o 5w i
=S J) . X o o~ o m g @
S ‘ml ™ | o i) _ﬂl —_ i ¥ a e
s B N 2 MME £} % WE ] of . o J 3 M T
0 ﬁ EU EA N ﬁE ~ -y ‘U_l ,Mv_. N 3 W
KR o] ~ 2 el B < i o Nv_Mv = Mw y
s =) i m
< - COR I ]
- Mm_ %ﬂ 5o ERy R ™ - 5B i
A rH nH B B! _ A B ) o . h
o} <X el _ ~n = = 2 ﬁ» i
TOo X 0O ﬁ 0 = Gl ol "y X g 3 -
In 0T o B K = 2w e © %
B =) o0 oo ) 5 : i
x m  Nr % =
/) T ™

sfgou, o

S

Fol 7k &4

A

i

r

F3] 7+4~ (Shear et al. 1996;
41

10 ]
ko) 7 itk 2elvt &Y 3

i

e

. . - OL— ]-
b t aI y \/ )1__ =]



(Kiihn et al. 2012), &F

+
o
il
by
and
o
a
>
©
o
_‘
o
>
o
QL
N
o]
i

Holt},

As7HA = #A7)gE AF-ol B]3)| (Sekine et al. 2000, 2006) ¥
AE7F Aol &2 VA 7ol ¥ Ava & QloER
olF 1HT &5 A7 Fed Ao® gzttt (Chang et al.
2004; Kim et al. 2006; Kihn et al. 2011).

UAA, v o] Fx4 oo r 1A Y]sol AstEA=AE
ety 8l Bast A A (neuropsychological test) 2 7}
Aol o] oA A gt A T T ATk S W AGHEN
Aol A 1A 7l BEE 4S5 Ay W 3519 o
FoelA 3 dx ZarE dFEAE v o]Zleo] AAR Sk
A 715 Askel AdEo Sl=A Fls] fgh = EA T
Al Trail Making Test (TMT) A, 71912 7 A1<l California Verbal
Learning Test (CVLT), #l5 7AAFQl Wechsler Adult Intelligence Scale
(WAIS), 3l 7|5 #HAF=E Wisconsin Card Sorting Test (WCST)<}

TMTB So] A48 3 Yome, #% oo tja A3 $4&



Sote] F T3t AA Ve Aol Wl et qlt} (Chang et
al. 2004; Chung et al 2007; Sim et al. 2007).

AXRA, A FS 2A S u BDI, HAM-D & #o] &= tf3t

FPE

Aol A W AQtHERY Q& s she] TxA PAA

i
o

B>

v 37 o] ool thsto] Ay Btk SUIT & ©] &3t

J
i

7

o
=
ot

A A7 A E oE BTN P L)

(=

T ¥ olel Gefold A WSt Fols daE AL B
F gith 53 Bgel Yol 2 84 e vt o 2

Uehdth olelst AT Aske wlagtwEn oJEo] o] T2

43 .-_;l'x_-! _'k.::l 'I_ |



3 73

Anderson CM, Polcari A, Lowen SB, Renshaw PF, Teicher MH, 2002. Effects
of methylphenidate on functional magnetic resonance relaxometry of the
cerebellar vermis in boys with ADHD. American Journal of Psychiatry 159,
1322-1328.

Anderson CM, Maas LC, Frederick B, Bendor JT, Spencer TJ, Livni E, Lukas
SE, Fischman AJ, Madras BK, Renshaw PF, Kaufman MJ, 2006. Cerebellar
vermis involvement in cocaine-related behaviors. Neuropsychopharmacology
31, 1318-1326.

Anglin D, Burke C, Perrochet B, Stamper E, Dawud-Noursi S, 2000. History of
the methamphetamine problem. Journal of Psychoactive Drugs 32, 137-141.
Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish TB, Gitelman
DR, 2004. Chronic back pain is associated with decreased prefrontal and
thalamic gray matter density. Journal of Neuroscience 24, 10410-10415.
Ashburner J, Friston KJ, 2000. Voxel-based morphometry--the methods.
Neuroimage 11, 805-821.

Ashburner J, Friston KJ, 2001. Why voxel-based morphometry should be
used. Neuroimage 14, 1238-1243.

Barili P, Bronzetti E, Ricci A, Zaccheo D, Amenta F, 2000. Microanatomical
localization of dopamine receptor protein immunoreactivity in the rat
cerebellar cortex. Brain Research 854, 130 —138.

Bartzokis G, Beckson M, Lu PH, Edwards N, Rapoport R, Wiseman E, Bridge
P, 2000. Age-related brain volume reductions in amphetamine and cocaine
addicts and normal controls: implications for addiction research. Psychiatry

Research 98, 93-102.

44



Baumann and Mattingley, 2010. Scaling of Neural Responses to Visual and
Auditory Motion in the Human Cerebellum. Journal of Neuroscience 30,
4489-4495.

Bellebaum C, Daum I, 2007. Cerebellar involvement in executive control.
Cerebellum 6, 184-192.

Ben-Yehudah G, Guediche S, Fiez JA, 2007. Cerebellar contributions to
verbal working memory: beyond cognitive theory. Cerebellum 6, 193-201.
Berman SM, Voytek B, Mandelkern MA, Hassid BD, Isaacson A, Monterosso
J, Miotto K, Ling W, London ED, 2008. Changes in cerebral glucose
metabolism during early abstinence from chronic methamphetamine abuse.
Molecular Psychiatry 13, 897-908.

Beyer JL, Krishnan KR, 2002. Volumetric brain imaging findings in mood
disorders. Bipolar Disorders 4, 89-104.

Block R, Erwin W, Ghoneim M, 2002. Chronic drug use and cognitive
impairments. Pharmacology Biochemistry and Behavior 73, 491-504.
Bowyer JF, Davies DL, Schmued L, Broening HW, Newport GD, Slikker W Jr,
Holson RR, 1994. Further studies of the role of hyperthermia in
methamphetamine neurotoxicity. Journal of Pharmacology and Experimental
Therapeutics 268, 1571-1581.

Brodal P, Bjaalie JG, 1997. Salient anatomic features of the cortico-ponto-
cerebellar pathway. Progress in Brain Research 114, 227-249.

Brown JM, Hanson GR, Fleckenstein AE, 2000. Methamphetamine rapidly
decreases vesicular dopamine uptake. Journal of Neurochemistry 74, 2221-

2223.

45



Brown JM, Hanson GR, Fleckenstein AE, 2001. Cocaine-induced increases in
vesicular dopamine uptake: role of dopamine receptors. Journal of
Pharmacology and Experimental Therapeutics 298, 1150-1153.

Casey BJ, Tottenham N, Liston C, Durston S, 2005. Imaging the developing
brain: what have we learned about cognitive development? Trends in
cognitive science 9, 104-110.

Chang L, Ernst T, Speck O, Patel H, DeSilva M, Leonido-Yee M, Miller EN,
2002. Perfusion MRI and computerized cognitive test abnormalities in
abstinent methamphetamine users. Psychiatry Research Neuroimaging 114,
65-79.

Chang L, Smith LM, LoPresti C, Yonekura ML, Kuo J, Walot I, Ernst T, 2004.
Smaller subcortical volumes and cognitive deficits in children with prenatal
methamphetamine exposure. Psychiatry Research Neuroimaging 132, 95-106.
Chang L, Cloak C, Patterson K, Grob C, Miller EN, Ernst T, 2005. Enlarged
striatum in abstinent methamphetamine abusers: a possible compensatory
response. Biological Psychiatry 57, 967-974.

Chen SH, Desmond JE, 2005. Cerebrocebellar networks during articulatory
rehearsal and verbal working memory tasks. Neuroimage 24, 332-338.

Choi SH, Moon WJ, Chung EC, Lee MH, Roh HG, Park KB, Na DR, 2005.
Optimized VBM in patients with Alzheimer’s disease: gray matter loss and its
correlation with cognitive function. Journal of Korean Radiological Society 53,
323-329.

Chung A, Lyoo IK, Kim SJ, Hwang J, Bae SC, Sung YH, Sim ME, Song IC,
Kim J, Chang KH, Renshaw PF, 2007. Decreased frontal white-matter
integrity in abstinent methamphetamine abusers. International Journal of

Neuropsychopharmacology 10, 765-775.

46



Cretzmeyer M, Sarrazin MV, Huber DL, Block RI, Hall JA, 2003. Treatment of
methamphetamine abuse: research findings and clinical directions. Journal of
Substance Abuse Treatment 24, 267-277.

Courchesne E, Townsend J, Akshoomoff NA, Saitoh O, Yeung-Courchesne R,
Lincoln AJ, James HE, Haas RH, Schreibman L, Lau L, 1994. Impairment in
shifting attention in autistic and cerebellar patients. Neuroscience 108, 848—
865.

Culmsee C, Vedder H, Ravati A, Junker V, Otto D, Ahlemeyer B, Krieg JC,
Krieglstein J, 1999. Neuroprotection by estrogens in a mouse model of focal
cerebral ischemia and in cultured neurons: evidence for a receptor-
independent antioxidative mechanism. Journal of Cerebral Blood Flow and
Metabolism 19, 1263-1269.

Delis F, Mitsacos A, Giompres P, 2008. Pharmacological characterization and
anatomical distribution of the dopamine transporter in the mouse cerebellum.
Cerebellum 7, 242-251.

Di X, Chan RC, Gong QY, 2009. White matter reduction in patients with
schizophrenia as revealed by voxel-based morphometry: an activation
likelihood estimation meta-analysis. Progress in Neuro-Psychopharmacology

& Biological Psychiatry 33, 1390-1394.

Diamond A, 2000. Close interrelation of motor development and cognitive
development and of the cerebellum and prefrontal cortex. Child Development
71, 44-56.

Diaz J, Le'vesque D, Lammers CH, Griffon N, Martres MP, Schwartz JC,
Sokoloff P, 1995. Phenotypical characterization of neurons expressing

the dopamine D3 receptor in the rat brain. Neuroscience 65, 731-745.

47

S—



Diedrichsen J, 2006. A spatially unbiased atlas template of the human
cerebellum. Neuroimage 33, 127-138.

Diedrichsen J, Balsters JH, Flavell J, Cussans E, Ramnani N, 2009. A
probabilistic MR atlas of the human cerebellum. Neuroimage 46, 39-46.
Diedrichsen J, Maderwald S, Kiper M, Thiirling M, Rabe K, Gizewski ER, ,
Ladd ME, Timmann D, 2011. Imaging the deep cerebellar nuclei: a
probabilistic atlas and normalization procedure. Neuroimage 54, 1786-1794.
Dluzen DE, McDermott JL, 2000. Neuroprotective role of estrogen upon
methamphetamine and related neurotoxins within the nigrostriatal
dopaminergic system. Annals of the New York Academy of Sciences 914, 112-
126.

Dluzen DE, Tweed C, Anderson LI, Laping NJ, 2003. Gender differences in
methamphetamine-induced mRNA associated with neurodegeneration in the
mouse nigrostriatal dopaminergic system. Neuroendocrinology 77, 232-238.
Dluzen DE, McDermott JL, 2004. Developmental and genetic influences upon
gender differences in methamphetamine-induced nigrostriatal dopaminergic
neurotoxicity. Annals of the New York Academy of Sciences 1025, 205-220.
Dluzen DE, Liu B, 2008. Gender differences in methamphetamine use and
responses: a review. Gender Medicine 5, 24-35.

Eckert MA, Tenforde A, Galaburda AM, Bellugi U, Korenberg JR, Mills D, ,
Reiss AL, 2006. To modulate or not to modulate: differing results in uniquely
shaped Williams syndrome brains. Neuroimage 32, 1001-1007.

Ernst T, Chang L, Leonido-Yee M, Speck O, 2000. Evidence for long-term
neurotoxicity associated with methamphetamine abuse: A 1H MRS study.

Neurology 54, 1344-1349.

48



Ersche KD, Jones PS, Williams GB, Turton AJ, Robbins TW, Bullmore ET,
2012. Abnormal brain structure implicated in stimulant drug addiction. Science
335, 601-604.

Ferrucci M, Busceti CL, Falleni A, Giorgi FS, Ruggieri S, Fornai F, 2006.
Effects of methamphetamine on the cerebellar cortex: a preliminary study.
Annals of the New York Academy of Sciences 1074, 149-153.

Finlay JM, 2001. Mesoprefrontal dopamine neurons and schizophrenia: role of
developmental abnormalities. Schizophrenia Bulletin 27, 431-442.

Fowler JS, Kroll C, Ferrieri R, Alexoff D, Logan J, Dewey SL, Schiffer W,
Schlyer D, Carter P, King P, Shea C, Xu Y, Muench L, Benveniste H, Vaska P,
Volkow ND, 2007. PET studies of d-methamphetamine pharmacokinetics in
primates: comparison with I-methamphetamine and (-) -cocaine. Journal of
Nuclear Medicine 48, 1724-1732.

Frank B, Schoch B, Richter S, Frings M, Karnath HO, Timmann D, 2007.
Cerebellar lesion studies of cognitive function in children and adolescents -
limitations and negative findings. Cerebellum 6, 242-253.

Frisoni GB, Testa C, Zorzan A, Sabattoli F, Beltramello A, Soininen H, Laakso
MP, 2002. Detection of grey matter loss in mild Alzheimer's disease with voxel
based morphometry. Journal of Neurology, Neurosurgery & Psychiatry 73,
657-664.

Fumagalli F, Gainetdinov RR, Valenzano KJ, Caron MG, 1998. Role of
dopamine transporter in methamphetamine-induced neurotoxicity: evidence
from mice lacking the transporter. Journal of Neuroscience 18, 4861-4869.
Garcia-Segura LM, Naftolin F, Hutchison JB, Azcoitia |, Chowen JA, 1999.
Role of astroglia in estrogen regulation of synaptic plasticity and brain repair.

Journal of Neurobiology 40, 574-584.

49



Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS,
2001. A voxel-based morphometric study of ageing in 465 normal adult human
brains. Neuroimage 14, 21-36.

Hamamura M, Ozawa H, Kimuro Y, Okouchi J, Higasa K, Ilwaki A, Fukumaki Y,
1999. Differential decreases in c-fos and aldolase C mRNA expression in the
rat cerebellum after repeated administration of methamphetamine. Molecular

Brain Research 64, 119-131.

Herrup K, Kuemerle B, 1997. The compartmentalization of the cerebellum.
Annual Review of Neuroscience 20, 61-90.

Honea RA, Meyer-Lindenberg A, Hobbs KB, Pezawas L, Mattay VS, Egan MF,
Verchinski B, Passingham RE, Weinberger DR, Callicott JH, 2008. Is gray
matter volume an intermediate phenotype for schizophrenia? A voxel-based
morphometry study of patients with schizophrenia and their healthy siblings.
Biological Psychiatry 63, 465-474.

Hong KE, Ock SM, Kang MH, Kim CE, Bae JN, Lim MK, Suh CH, Chung SJ,
Cho SC, Lee JS, 2002. The segmented regional volumes of the cerebrum and
cerebellum in boys with Tourette syndrome. Journal of Medical Science 17,
530-536.

Hyman SE, 1996. Addiction to cocaine and amphetamine. Neuron 16, 901-
904.

Ichimiya T, Okubo Y, Suhara T, Sudo Y, 2001. Reduced volume of the
cerebellar vermis in neuroleptic-naive schizophrenia. Biological Psychiatry 49,
20-27.

Ikai Y, Takada M, Shinonaga Y, Mizuno N, 1992. Dopaminergic and non-

dopaminergic neurons in the ventral tegmental area of the rat project,

50



respectively, to the cerebellar cortex and deep cerebellar nuclei.
Neuroscience 51, 719-728.

Kalechstein AD, Newton TF, Green M, 2003. Methamphetamine dependence
is associated with neurocognitive impairment in the initial phases of
abstinence. Journal of Neuropsychiatry and Clinical Neuroscience 15, 215-
220.

Kang H, Lee HY, Lee JS, Kang E, Lee SG, Chang KH, Lee DS, 2004. Voxel-
based morphometry (VBM) based assessment of gray matter loss in medial
temporal lobe epilepsy: comparison with FDG PET. Korean Journal of Nuclear
Medicine 38, 30-40.

Karas G, Sluimer J, Goekoop R, van der Flier W, Rombouts SA, Vrenken H,
Scheltens P, Fox N, Barkhof F, 2008. Amnestic mild cognitive impairment:
structural MR imaging findings predictive of conversion to Alzheimer disease.
American Journal of Neuroradiology 29, 944-949.

Kelly RM, Strick PL, 2003. Cerebellar loops with motor cortex and prefrontal
cortex of a nonhuman primate. Journal of Neuroscience 23, 8432-8444.

Kim JS, Lee DS, Lee BI. Lee JS, Shin HW, Chung JK, Lee MC, 2002.
Probabilistic anatomical labeling of brain structures using statistical
probabilistic anatomical maps. Korean Journal of Nuclear Medicine 36, 317-
318.

Kim SJ, Lyoo IK, Hwang J, Sung YH, Lee HY, Lee DS, Jeong DU, Renshaw
PF, 2005. Frontal glucose hypometabolism in abstinent methamphetamine
users. Neuropsychopharmacology 30, 1383-1391.

Kim SJ, Lyoo IK, Hwang J, Chung A, Hoon Sung Y, Kim J, , Kwon DH, Chang

KH, Renshaw PF, 2006. Prefrontal grey-matter changes in short-term and

51



long-term abstinent methamphetamine abusers. International Journal of
Neuropsychopharmacology 9, 221-228.

Kim YS, Shin JH, Hall FS, Linden DJ, 2009. Dopamine signaling is required
for depolarization-induced slow current in cerebellar Purkinje cells. Journal of
Neuroscience 29, 8530-8538.

Kim YT, Song HJ, Seo JH, Lee JJ, Lee J, Kwon DH, Yoo DS, Lee HJ, Suh KJ,
Chang Y, 2011. The differences in neural network activity between
methamphetamine abusers and healthy subjects performing an emotion-
matching task: functional MRI study. NMR in Biomedicine 24, 1392-1400.
Kihn S, Romanowski A, Schubert F, Gallinat J, 2011. Reduction of cerebellar
grey matter in Crus | and Il in schizophrenia. Brain structure & function 217,
523-529.

Kihn S, Romanowski A, Schilling C, Mobascher A, Warbrick T, Winterer G,
Gallinat J, 2012. Brain grey matter deficits in smokers: focus on the
cerebellum. Brain Structure and Function 217, 517-522.

Laird AR, Robinson JL, McMillan KM, Tordesillas-Gutiérrez D, Moran ST,
Gonzales SM, Ray KL, Franklin C, Glahn DC, Fox PT, Lancaster JL, 2010.
Comparison of the disparity between Talairach and MNI coordinates in
functional neuroimaging data: validation of the Lancaster transform.
Neuroimage 51, 677-683.

Leiner HC, Leiner AL, Dow RS, 1993. Cognitive and language functions of the
human cerebellum. Trends in Neurosciences 16, 444-447.

Levisohn L, Cronin-Golomb A, Schmahmann JD, 2000. Neuropsychological
consequences of cerebellar tumour resection in children: cerebellar cognitive

affective syndrome in a pediatric population. Brain 123, 1041-1050.

52



Lim HK, Choi EH, Lee CU, 2008. A voxel-based morphometry of gray matter
reduction in patients with dementia of the Alzheimer's type. Korean Journal of
Biological Psychiatry 15, 118-125.

Lingford-Hughes AR, Davies SJC, Mclver S, Williams TM, Daglish MRC, Nutt
DJ, 2003. Addiction. The British Medical Bulletin 65, 209-222.

Liotti M, Mayberg HS, Brannan SK, McGinnis S, Jerabek P, Fox PT, 2000.
Differential limbic--cortical correlates of sadness and anxiety in healthy
subjects: implications for affective disorders. Biological Psychiatry 48, 30-42.
London ED, Simon SL, Berman SM, Mandelkern MA, Lichtman AM, Bramen J,
Shinn AK, Miotto K, Learn J, Dong Y, Matochik JA, Kurian V, Newton T,
Woods R, Rawson R, Ling W, 2004. Mood disturbances and regional cerebral
metabolic abnormalities in recently abstinent methamphetamine abusers.
Archives of General Psychiatry 61, 73-84.

London ED, Berman SM, Voytek B, Simon SL, Mandelkern MA, Monterosso J,
Thompson PM, Brody AL, Geaga JA, Hong MS, Hayashi KM, Rawson RA,
Ling W, 2005. Cerebral metabolic dysfunction and impaired vigilance in
recently abstinent methamphetamine abusers. Biological Psychiatry 58, 770-
778.

Lowy MT, Novotney S, 1994. Methamphetamine-induced decrease in neural
glucocorticoid receptors: relationship to monoamine levels. Brain Research
638, 175-181.

Luders E, Gaser C, Jancke L, Schlaug G, 2004. A voxel-based approach to
gray matter asymmetries. Neuroimage 22, 656-664.

Lundqvist T, 2010. Imaging cognitive deficits in drug abuse. Current Topics in

Behavioral Neurosciences 3, 247-275.

53



Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J, Frackowiak
RS, Frith CD, 2000. Navigation-related structural change in the hippocampi of
taxi drivers. Proceeding of the National Academy of Science of the United
States of America 97, 4398-4403.

Manni E, Petrosini L, 2004. A century of cerebellar somatotopy: a debated
representation. Nature Reviews Neuroscience 5, 241-249.

Marvel CL, Desmond JE, 2010. Functional topography of the cerebellum in

verbal working memory. Neuropsychology Review 20, 271-279.

Matsumoto RR, Shaikh J, Wilson LL, Vedam S, Coop A, 2008. Attenuation of
methamphetamine-induced effects through the antagonism of sigma (sigma)
receptors: Evidence from in vivo and in vitro studies. European
Neuropsychopharmacology 18, 871-881.

Maxwell, 2005. Emerging research on methamphetamine. Current Opinion in
Psychiatry 18, 235-242.

McCann UD, Wong DF, Yokoi F, Villemagne V, Dannals RF, Ricaurte GA,
1998. Reduced striatal dopamine transporter density in abstinent
methamphetamine and methcathinone users: evidence from positron
emission tomography studies with [11C] WIN-35,428. Journal of Neuroscience
18, 8417-8422.

Mechelli A, Price CJ, Friston KJ, Ashburner J, 2005. Voxel-based
morphometry of the human brain: methods and applications. Current Medical
Imaging Reviews 1, 105-113.

Melchitzky DS, Lewis DA, 2000. Tyrosine hydroxylase- and dopamine
transporter-immunoreactive axons in the primate cerebellum. Evidence for a
lobular- and laminar-specific dopamine innervation.

Neuropsychopharmacology 22, 466-472.

54



Middleton FA, Strick PL, 1994. Anatomical evidence for cerebellar and basal
ganglia involvement in higher cognitive function. Science 266, 458-461.
Middleton FA, Strick PL, 2000. Basal ganglia and cerebellar loop: motor and
cognitive circuits. Brain Research. Brain Research Reviews 31, 236-250.
Moher D, Dulberg CS, Wells GA, 1994. Statistical power, sample size, and
their reporting in randomized controlled trials. JAMA: Journal of the American
Medical Association 272, 122-124.

Molina-Luna K, Pekanovic A, Réhrich S, Hertler B, Schubring-Giese M, Rioult-
Pedotti MS, Luft AR, 2009. Dopamine in motor cortex is necessary for skill
learning and synaptic plasticity. PLoS One 4, e7082.

Mueller SG, Laxer KD, Cashdollar N, Buckley S, Paul C, Weiner MW, 2006.
Voxel-based optimized morphometry (VBM) of gray and white matter in
temporal lobe epilepsy (TLE) with and without mesial temporal sclerosis.
Epilepsia 47, 900-907.

National Survey on Drug Use and Health, 2005. NSDUH report:
Methamphetamine use, abuse, and dependence: 2002, 2003, and 2004.
National Institute on Drug Abuse. 2006. NIDA research report:
Methamphetamine abuse and addiction.

Newton TF, Kalechstein AD, Duran S, Vansluis N, Ling W, 2004.
Methamphetamine abstinence syndrome: preliminary findings. American

Journal on Addictions 13, 248-255.

Nopoulos PC, Ceilley JW, Gailis EA, Andreasen NC, 1999. An MRI study of
cerebellar vermis morphology in patients with schizophrenia: evidence in

support of the cognitive dysmetria concept. Biological Psychiatry 46, 703-711.

55



Nordahl TE, Salo R, Leamon M, 2003. Neuropsychological effects of chronic
methamphetamine use on neurotransmitters and cognition: a review. Journal
of Neuropsychiatry and Clinical Neuroscience 15, 317-325.

Paulus MP, Hozack NE, Zauscher BE, Frank L, Brown GG, Braff DL, Schuckit
MA, 2002. Behavioral and functional neuroimaging evidence for prefrontal
dysfunction in methamphetamine-dependent subjects.
Neuropsychopharmacology 26, 53-63.

Paulus MP, Hozack N, Frank L, Brown GG, Schuckit MA, 2003. Decision
making by methamphetamine-dependent subjects is associated with error-
rate-independent decrease in prefrontal and parietal activation. Biological
Psychiatry 53, 65-74.

Peelle JE, Cusack R, Henson RN, 2012. Adjusting for global effects in voxel-
based morphometry: gray matter decline in normal aging. Neuroimage 60,
1503-1516.

Pfefferbaum A, Sullivan EV, Rosenbloom MJ, Mathalon DH, Lim KO, 1998. A
controlled study of cortical gray matter and ventricular changes in alcoholic
men over a 5-year interval. Archives of General Psychiatry 55, 905-912.
Picazo O, Azcoitia I, Garcia-Segura LM, 2003. Neuroprotective and neurotoxic
effects of estrogens. Brain Research 990, 20-27.

Pollok B, Butz M, Gross J, Stidmeyer M, Timmermann L, Schnitzler A, 2006.
Coupling between cerebellar hemispheres: Behavioral, anatomic, and
functional data. Cerebellum 5, 212-219.

Ramnani N, 2006. The primate cortico-cerebellar system: anatomy and
function. Nature Reviews Neuroscience 7, 511-522.

Rasser PE, Schall U, Peck G, Cohen M, Johnston P, Khoo K, Carr VJ, Ward

PB, Thompson PM, 2010. Cerebellar grey matter deficits in first-episode

56

S—



schizophrenia mapped using cortical pattern matching. Neuroimage 53, 1175-
1180.

Reiman EM, Lane RD, Ahern GL, Schwartz GE, Davidson RJ, Friston KJ, Yun
LS, Chen K, 1997. Neuroanatomical correlates of externally and internally
generated human emotion. American Journal of Psychiatry 154, 918-925.
Ricaurte GA, Schuster CR, Seiden LS, 1980. Long-term effects of repeated
methylamphetamine administration on dopamine and serotonin neurons in the
rat brain: a regional study. Brain Research 193, 153-163.

Ricaurte GA, Guillery RW, Seiden LS, Schuster CR, Moore RY, 1982.
Dopamine nerve terminal degeneration produced by high doses of
methamphetamine in the rat brain. Brain Research 235, 93-103.

Riddle EL, Fleckenstein AE, Hanson GR, 2006. Mechanisms of
methamphetamine-induced dopaminergic neurotoxicity. AAPS Journal 8, 413-
418.

Ridgway GR, Henley SM, Rohrer JD, Scahill RI, Warren JD, Fox NC, 2008.
Ten simple rules for reporting voxel-based morphometry studies. Neuroimage
40, 1429-1435.

Saeed N, Puri BK, 2002. Cerebellum segmentation employing texture
properties and knowledge based image processing: applied to normal adult

controls and patients. Magnetic Resonance Imaging 20, 425-429.

Salo R, Nordahl TE, Buonocore MH, 2009. Cognitive control and white matter
callosal microstructure in methamphetamine-dependent subjects: a diffusion
tensor imaging study. Biological Psychiatry 65, 122-128.

Sato M, 1992. A lasting vulnerability to psychosis in patients with previous
methamphetamine psychosis. Annals of the New York Academy of Sciences

654, 160-170.

57



Schmahmann JD, Pandya DN, 1997. The cerebrocebellar system.
International Review of Neurobiology 17, 438-458.

Schmahmann JD, Sherman JC, 1998. The cerebellar cognitive affective
syndrome. Brain 121, 561-579.

Schmahmann JD, Doyon J, Toga AW, Petrides M, Evans AC, 2000. MRI atlas
of the human cerebellum. San Diego: Academic.

Schmahmann JD, 2004. Disorders of the cerebellum: ataxia, dysmetria of
thought, and the cerebellar cognitive affective syndrome. Journal of
Neuropsychiatry and Clinical Neuroscience 16, 367-378.

Schmahmann JD, Caplan D, 2006. Cognition, emotion and the cerebellum.
Brain 129, 290-292.

Schmahmann JD, Weilburg JB, Sherman JC, 2007. The neuropsychiatry of
the cerebellum - insights from the clinic. Cerebellum 6, 254-267.
Schmahmann JD, Macmore J, Vangel M, 2009. Cerebellar stroke without
motor deficit: clinical evidence for motor and non-motor domains within the
human cerebellum. Neuroscience 162, 852-861.

Schmidt CJ, Gehlert DR, Peat MA, Sonsalla PK, Hanson GR, Wamsley JK,
Gibb JW, 1985. Studies on the mechanism of tolerance to methamphetamine.
Brain Research 343, 305-313.

Schmitt JE, Eliez S, Warsofsky IS, Bellugi U, Reiss AL, 2001. Enlarged
cerebellar vermis in Williams syndrome. Journal of Psychiatric Research 35,
225-229.

Schutter DJ, van Honk J, 2005. The cerebellum on the rise in human emotion.
Cerebellum 4, 290-294.

Schwartz DL, Mitchell AD, Lahna DL, Luber HS, Huckans MS, Mitchell SH,

Hoffman WF, 2010. Global and local morphometric differences in recently

58



abstinent methamphetamine-dependent individuals. Neuroimage 50, 1392—
1401.

Sekine Y, lyo M, Ouchi Y, Matsunaga T, Tsukada H, Okada H, Yoshikawa E,
Futatsubashi M, Takei N, Mori N, 2001. Methamphetamine-related psychiatric
symptoms and reduced brain dopamine transporters studied with PET.
American Journal of Psychiatry 158, 1206-1214.

Sekine Y, Ouchi Y, Takei N, Yoshikawa E, Nakamura K, Futatsubashi M,
Okada H, Minabe Y, Suzuki K, lwata Y, Tsuchiya KJ, Tsukada H, lyo M, Mori N,
2006. Brain serotonin transporter density and aggression in abstinent
methamphetamine abusers. Archives of General Psychiatry 63, 90-100.

Shah PJ, Ebmeier KP, Glabus MF, Goodwin GM, 1998. Cortical gray matter
reductions associated with treatment resistant chronic unipolar depression.
Controlled magnetic resonance imaging study. British Journal of Psychiatry
172, 527-532.

Shear PK, Sullivan EV, Lane B, Pfefferbaum A, 1996. Mammillary body and
cerebellar shrinkage in chronic alcoholics with and without amnesia.
Alcoholism: Clinical and Experimental Research 20, 1489-1495.

Sierra A, Azcoitia I, Garcia-Segura L, 2003. Endogenous estrogen formation is
neuroprotective in model of cerebellar ataxia. Endocrine 21, 43-51.

Sim ME, Lyoo IK, Streeter CC, Covell J, Sarid-Segal O, Ciraulo DA, Kim MJ,
Kaufman MJ, Yurgelun-Todd DA, Renshaw PF, 2007. Cerebellar gray matter
volume correlates with duration of cocaine use in cocaine-dependent subjects.
Neuropsychopharmacology 32, 2229-2237.

Simon SL, Domier C, Carnell J, 2000. Cognitive impairment in individuals
currently using methamphetamine. American Journal on Addictions 9, 222-

231.

59



Sowell ER, Thompson PM, Holmes CJ, Batth R, Jernigan TL, Toga AW, 1999.
Localizing age-related changes in brain structure between childhood and
adolescence using statistical parametric mapping. Neuroimage 6, 587-597.
Stoodley CJ, Schmahmann JD, 2009. Functional topography in the human
cerebellum: a meta-analysis of neuroimaging studies. Neuroimage 44, 489-
501.

Strick PL, Dum RP, Fiez JA, 2009. Cerebellum and nonmotor function. Annual
Review of Neuroscience 32, 413—434.

Sullivan, EV, Deshmukh A, Desmond JE, Lim KO, Pfefferbaum A, 2000.
Cerebellar volume decline in normal aging, alcoholism, and korsakoff’s
syndrome: relation to ataxia. Neuropsychology 14, 341-352.

Sung YH, Cho SC, Hwang J, Kim SJ, Kim H, Bae S, Kim N, Chang KH,
Daniels M, Renshaw PF, Lyoo IK, 2007. Relationship between N-acetyl-
aspartate in gray and white matter of abstinent methamphetamine abusers
and their history of drug abuse: a proton magnetic resonance spectroscopy
study. Drug and Alcohol Dependence 88, 28-35.

Tamaki R, Yoshikawa M, Shinomiya T, Andoh H, Kawaguchi M, Hashimoto A,
Byrne DW, Kobayashi H, 2008. Chronic administration of methamphetamine
increases the mMRNA expression of diazepam binding inhibitor in rat brain.
Tokai journal of Experimental and Clinical Medicine 33, 46-50.

Timmann D, Daum |, 2007. Cerebellar contributions to cognitive functions: a
progress report after two decades of research. Cerebellum 6, 159-162.
Tomasi D, Goldstein RZ, Telang F, Maloney T, Alia-Klein N, Caparelli EC,
Volkow ND, 2007. Widespread disruption in brain activation patterns to a

working memory task during cocaine abstinence. Brain Research 1171, 83-92.

60



YuanY, Zhu Z, Shi J, Zou Z, Yuan F, Liu Y, Lee TM, Weng X, 2009. Gray
matter density negatively correlates with duration of heroin use in young
lifetime heroin-dependent individuals. Brain and Cognition 71, 223-228.
Vearrier D, Greenberg MI, Miller SN, Okaneku JT, Haggerty DA, 2012.
Methamphetamine: history, pathophysiology, adverse health effects, current
trends, and hazards associated with the clandestine manufacture of
methamphetamine. Disease-a-month: DM 58, 38-89.

Volkow ND, Chang L, Wang GJ, Fowler JS, Leonido-Yee M, Franceschi D,
Sedler MJ, Gatley SJ, Hitzemann R, Ding YS, Logan J, Wong C, Miller EN,
2001a. Association of dopamine transporter reduction with psychomotor
impairment in methamphetamine abusers. American Journal of Psychiatry
158, 377-382.

Volkow ND, Chang L, Wang GJ, Fowler JS, Franceschi D, Sedler M, Gatley
SJ, Miller E, Hitzemann R, Ding YS, Logan J, 2001b. Loss of dopamine
transporters in methamphetamine abusers recovers with protracted
abstinence. Journal of Neuroscience 21, 9414-9418.

Volkow ND, Baler RD, 2012. Neuroscience. To stop or not to stop?. Science
335, 546-548.

Voogd J, Glickstein M, 1998. The anatomy of the cerebellum. Trends in
Neurosciences 21, 370-375.

Wagner GC, Ricaurte GA, Seiden LS, Schuster CR, Miller RJ, Westley J,
1980. Long-lasting depletions of striatal dopamine and loss of dopamine
uptake sites following repeated administration of methamphetamine. Brain
Research 181, 151-160.

Wang Y, Chou J, Jeng CH, Morales M, Wang JY, 2000. Chronic

methamphetamine exposure decreases high affinity uptake function in

61



norepinephrine afferents in the cerebellar cortex: an electrophysiological and
electrochemical study. Neuropharmacology 39, 2112-2123.

Winslow BT, Voorhees Kl, Pehl KA, 2007. Methamphetamine abuse.
American Family Physician 76, 1169-1174.

Zweben JE, Cohen JB, Christian D, Galloway GP, Salinardi M, Parent D,
Iguchi M, 2004. Psychiatric symptoms in methamphetamine users. American
Journal of Addiction 13, 181-190.

B2 2 vhept, 2010, vhebRH A WA, WA (ed), A

BARAL, 2000, HOFRFEA H AL

62 A . !..;



Abstract

Density abnormalities in cerebellar gray matter of
methamphetamine-dependent patients: voxel-based

morphometry analysis using SUIT

Sun Young Won
Interdisciplinary program in neuroscience
The Graduate School

Seoul National University

Background: A number of studies have consistently reported that the

abuse and dependence of methamphetamine can cause severe
structural and functional abnormalities in the cerebral regions. It
appears that fewer structural studies have examined the effect of
methamphetamine on the cerebellum, whereas the interest on how
addiction disorders affect the cerebellum is increasing coinciding with
various studies on the important role of the cerebellum. Therefore, we
initiated an experiment where we aimed to investigate the structural
changes of the cerebellar gray matter in methamphetamine-dependent
patients and gender differences in the effects of methamphetamine.
Further, we aimed to study the relation between the cerebellar
structural abnormalities and the emotional and cognitive problems in

methamphetamine-dependent patients.
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Methods: We acquired high-resolution brain magnetic resonance
imaging scans from 31 methamphetamine-dependent patients and 31
healthy comparison subjects. The density of the cerebellar gray matter
was measured by a voxel-based morphometry (VBM) utilizing SUIT
(Spatially Unbiased Infratentorial Template) toolbox and the structural

differences between the groups were analyzed.

Results: Compared to the healthy comparison subjects,
methamphetamine-dependent patients showed significant reductions
of gray matter density in the VIIB, VIIIA, VIIIB, Crusll regions of the
bilateral cerebellar posterior lobe (left: z score = 5.03, FDR-corrected p
= 0.003, right: z score = 4.84, FDR-corrected p = 0.005). Considering
the gender difference, male methamphetamine-dependent patients
had significantly more reductions in the gray matter density of the left
cerebellar posterior lobe than female methamphetamine-dependent

patients (F = 60.72, p < 0.001, p for interaction = 0.007).

Conclusion: The results indicate that methamphetamine-dependent

patients had structural deficits in the cerebellar posterior lobe
associated with cognitive functions as well as motor and emotion
control. In addition, the present study shows that males are more
vulnerable than females in the effects of methamphetamine on the
cerebellum and the gender difference may affect density changes in

cerebellar gray matter in methamphetamine-dependent patients. Thus,
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these findings suggest that the cerebellar structural abnormalities are
linked to methamphetamine dependence and may also support the
potential correlation between the cerebellum and the disorders of

methamphetamine-dependent patients.

Keywords: Methamphetamine, Drug dependence, Cerebellum,

Neuroimaging, Magnetic resonance imaging, Voxel-based

morphometry
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