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Table 1. Brain Imaging Studies on Learning and Brain Structural Variations

Authors

Subjects n Learning Duration  Methods Results
(Year)
Healthy
right-handed Symmetrical ILPG (musicians than controls)
) I I f th G and
Amunts et male . - Negative correlation: size of the ILPG and age
al. (1997) (Professional 51 Musical training n/a MRI of commencement of musical training in
musicians/ musicians
Controls)
Maguire et aTt?gltgzts 1 GM volume in the posterior hippocampus
al 9(2000) (Praxi dﬁvers/ 66 Navigation n/a VBM bilaterally, and anterior hippocampus bilaterally
' (taxi drivers than controls)
Controls)
fi gﬁfﬁ ;latrr:()j/ed Positive correlation: musician status and 1 in
male GM volume in perirolandic regions
Gaser and - (primary motor/somatosensory areas, premotor
(Professional . - : . :
Schlaug musicians/ 40 Musical training n/a VBM areas, anterior superior parietal areas, and
(2003) Amateur inferior temporal gyrus bilaterally), left
musicians/ ]E:r(e;rn(:glellurms, left Heschl’s gyrus, and left inferior
Controls) gyru
Healthy o __
Mechelli ot participants S " 1T GM Iqensrtly)m the IPC (bilinguals than
echelli e : econd language monolinguals
al. (2004) (Monolinguals/ 83 (acquisition) na VEM Effects greater in the early bilinguals than later

Early bilinguals/
Late bilinguals)

bilinguals in both left, and right hemispheres




Complex

Draganski Healthy . . 1 GM in the hMT/V5 bilaterally, and in the left
et al. (2004) participants 24 VIsu(gLng(;tlti)rr]g)kllls 3 months VBM posterior IPS
Extensive 1 GM in the PPC, IPL bilaterally, and in posterior
Draganski Healthy . hippocampus
et al. (2006) participants 50 Ieairnr}gggn(;li);:]r)act 3 months VBEM | GM in the OPL, directly related to 1WM in the
OPL
Healthy Speech sound Faster learners compared to slower learners:
Golestani et participants 65 learning n/a VEM. DTI 1 WM density in LHG (faster learners)
al. (2007) (Faster learners (Hindi dental - ' 1 Asymmetry (left > right) in parietal lobe
/Slower learners) retroflex) volumes
Lee et al Healthy English Vocabulary 1 GM density in the posterior SMG
(2007) ' monolingual 32 knowledge n/a VBM, DTl Vocabulary predicted GM density bilaterally in
adolescents acquisition the IPL
Complex 1 GM in the hippocampus on the left side and
Bozlzlgaog'; al. aTt?gltgzts 69  visuomotor skills 3 months  VBM, MRI NAcc bilaterally
P P (Juggling) GM expansion in hMT/V5 on the right side
llg et al. Healthy . . . . -
(2008) participants 38 Mirror reading 2 weeks MRI, VBM 1 GM in the right dorsolateral occipital cortex
Second language
Osterhout Healthy acquisition .
et al. (2008) participants 4 (First-year 9 weeks MRI, VBM 1 GM density

Spanish course)




1 GM density in the left primary sensorimotor

Healthy d riah bell
Han et al participants . - corte.x andrig tcere €elium .
(2009) ' (Musicians/ 39 Musical training n/a VBM, DTI 1 FAin the right posterior limb of the internal
capsule
Controls) -
(musicians than controls)
1 Relative voxel size in motor areas (right
precentral gyrus — motor hand area), corpus
callosum (fourth and fifth segment/midbody),
Hyde et al. : . - right primary auditory region, bilateral
(2009) Healthy children 31 Musical training 15 months DEM frontolateral and frontomesial regions and a left
posterior pericingulate region
| Relative voxel size in left middle occipital
gyrus
Healthy
Jacini et al right-handed
' male (Judo 26 Judo n/a VBM 1 GM volume in frontal and prefrontal cortex
(2009)
practitioners/
Controls)
Healthy male
(Prgzﬁfz S:So/nal 1 GM volume in premotor and parietal cortices
Jancke et High skill golfers/ 40 Golf training n/a VBM, DTI | WM volume, FA along the |_nternal and
al. (2009) Intermediate skil external capsule and the parietal operculum
golfers/ (skilled golfers)
Controls)
Healthy male . ,
Park et al. 1 Morphology in the vermian lobules VI-VII
eclive, folium, and tuber
2009 (Basketball 39 Basketball n/a MRI declive. foli d tub

players/Controls)




Vocabulary

Positive correlation: Vocabulary score and GM

Etl c;?la(rgosloor; Hr?]?)lrggsllir%nuganzh 47 knowlgqlge n/a MRI density in posterior §uperior temporal sulcus,
acquisition posterior temporo-parietal cortex
1 GM volume in left SMA, left SFG, and left
medial OFC
Healthy Highly. VBM., i_ GM in right putamen, righ_t iOFC, left 10G,
Taubert et right-handed o8 coord_matwt_a 6 weeks MRI rlght MTG, and lobule VIl in cerebellum
al. (2010) articinants balancing skills EMé bilaterally
P P (DBT) | FA'in bilateral prefrontal WM regions
1 MD in right inferior parietal and right
cerebellar WM regions
1 GM in areas associated with the dorsal stream
Bezzola et Healthy - 1 GM in ventral part of the central sulcus,
al. (2011) participants 22 Golf training 40 hours VBM vicinity of the ventral PMC, inferior frontal gyrus,
left and right inferior parietal lobe
1 RHC and LHC
Healthy 1 Cortical thickness in left MFG, IFG, and STG
right-handed . 1 Malleable Right hippocampus, left STG
Martensson participants 31 Foreign !a_n_guage 3 months MRI (Interpreters who acquire higher proficiency in
et al. (2012) acquisition .
(Interpreters/ foreign language)
Controls) 1 GM in MFG (Interpreters who struggled more
to master the language)
Park et al. Short-track Right cerebellar hemisphere volume and
(2012) Healthy male 34 speed skating n/a MRI \T/errgian lobules VI-VII P
. . Vermian lobules I-V volumes
Di Paola et H‘?"’?“hy 20 Mpunt-aln n/a VBM ITDOSitive correlation: Cerebellar enlargement
al. (2013) participants climbing

and right medial posterior parietal area




Healthy

right-handed Positive correlation: Age of acquisition and
Klein et al. participants Second language n/a MRI cortical thickness in left IFG and left SPL
(2014) (Monolinguals/ acquisition Negative correlation: Age of acquisition and
Early bilinguals/ cortical thickness in right IFG

Late bilinguals)

* The 1 symbol indicates an increase and | a decrease.

Abbreviations: ACC, anterior cingulate cortex; DBM, deformation based morphometry; DBT, whole-body dynamic balancing task; DTI, diffusion tensor
imaging; EMG, electromyographical activity; FA, fractional anisotropy; GM, gray matter; hMT/V5, human middle temporal area/V5 complex; IFG, inferior
frontal gyrus; ILPG, intrasulcal length of the precentral gyrus; iOFC, inferior orbitofrontal cortex; IOG, inferior occipital gyrus; IPC, inferior parietal cortex;
IPL, inferior parietal lobule; IPS, intraparietal sulcus; LHC, left hippocampal volume; LHG, left Heschl’s gyrus; MD, mean diffusivity; MFG, middle frontal
gyrus; MRI, magnetic resonance imaging; MTG, middle temporal gyrus; NAcc, nucleus accumbens; OFC, orbitofrontal cortex; OPL, occipito-parietal lobe;
PET, positron emission tomography; PMC, pre-motor cortex; PPC, posterior parietal cortex; RHC, right hippocampal volume; SFG, superior frontal gyrus;
SMA, supplementary motor areas; SMG, supramarginal gyrus; SPL, superior parietal lobe; STG, superior temporal gyrus; VBM, voxel-based
morphometry; WM, white matter.
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Figure 1. The Lobar Parcellation of the Cerebellar Gray Matter

Coronal view Sagittal view

Crusll

b Vilb —
Crusll_# Crusll IX

Villa’
VB 15 Vil Viiib V|||aVIIb vmt!

Axial view

v I~V

\

Crusll

This figure represents anatomical parcellation of the cerebellar gray matter based
on their lobules. This figure was created by overlaying the color-coded atlas of
cerebellar lobules on the SUIT. The atlas and the template were provided by the
SUIT Toolbox 2.4.

The lobules that are visible on the given slices from the coronal, sagittal, and axial
views were labeled and color-coded.

Abbreviations: SUIT, statistically unbiased infra-tentorial template.
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Table 2. Brain Imaging Studies on Language and Cerebellum

Authors . .
(Year) Subjects n Language learning Methods Results
Healthy , 1 Activation in the right lateral cerebellar and LPC (when
Petersen et right-handed 17 Frequent E.ng!lsh PET generated aloud an appropriate verb for each of several
al. (1988) L noun acquisition )
participants visually presented nouns)
Schlosser Healthy 1 Activation in the right cerebellum, LPC
right-handed 12 Verbal fluency fMRI | Responses in the posterior cingulate, extensive area of
et al. (1998) L i . . X
participants mesial, dorsolateral parietal, and superior temporal cortices
Health Word, face Word recognition:
Kim et al. M ht-han()j/ed 33 recognition memory PET 1 Activation in the posterior portion of the left MTG, ITG, the
(1999) gartici ants in novel/familiar middle portion of the left ITG, the left insula, the right IPL,
P P conditions and both sides of the cerebellum
Translation:
1 Activation in the anterior cingulate, bilateral subcortical
structures (irrespective of word frequency)
. . . 1 Activation in the LAI, left/medial cerebellum, SMA
Priceet al. German-English Translation, . : f df | itehi
(1999) adult bilinguals 6 language switching PET (|rres.pec_t|ve. of word frequency, language, switc ing)
1 Activation in the right cerebellum (low frequency words
only)
1 Activation in the left medial fusiform, left/right ventral
cerebella (switching)
Healthy right- Mirror reading compared to normal reading:
Dong et al. handed Japanese kana 1 Activation in the bilateral occipital regions, bilateral
10 - - fMRI . . : - .
(2000) Japanese mirror reading temporal regions, left frontal region, right superior parietal

participants

region, right caudate nucleus, and right cerebellum

15



Seger et al.

Healthy

Generating typical,

1 Activation in the LIPC, right cerebellum (when generated
usual verbs to novel nouns, than to repeated nouns)

(2000) right-handed 7 atypical noun-verb MR+ Activity in the right MFG, SFG, left MFG, and bilateral
participants relations
cerebellum (when generated unusual verbs)
Gurd et al Healthy Semantic categories 1 Activation in ACC bilaterally, left IFG, MFG bilaterally,
(2002) ' right-handed 11 vs. overlearned fMRI frontal operculum bilaterally, and cerebellar vermis (when
participants sequence semantic category compared to overlearned sequence)
Noppeney Healthy
and Price rlg_ht-hand(_ed 12 Semantic decision PET TAct'lvatlon in the IFG, paracingulate, right lateral and
native English medial cerebellum
(2002)
speakers
Healthy Semantic Semantic and phonological processing:
McDermott right-handed 20 honoloaical \;vord MR 1 Activation in left IFC, left superior/middle temporal cortex,
et al. (2003) native English P Iigts bilateral IFC, precuneus, left fusiform gyrus, and right
speakers cerebellum
. Healthy native . 1 Activation volume and intensity in the right posterior-
Xiang et al. Chinese 6 .Se_mgntm_: fMRI inferior cerebellum (when target words were semantically
(2003) discrimination
speakers related to the probe words)
Healthy manF;hL?Ig(t)ilgr? I(C\?(Lwel
Seki et al. right-handed b . 1 Activation in cerebellar vermis (vowel exchange)
h 19 exchange vs. reading fMRI S . .
(2004) native Japanese 1 Activation in posterior parts of the STS (auditory tasks)
words and non-
speakers
words)
. Healthy . AT .
Tieleman et right-handed 22 Semantic, perceptual MR 1 Activation in in left prefrontal, left lateral temporal, anterior
al. (2005) 9 categorization cingulate and right cerebellar areas (both tasks)

participants

16



Chen and
Desmond
(2005a)

Healthy right-
handed men

17

Motoric rehearsal
and verbal working
memory tasks

fMRI

1 Activation in left IFG (corresponding to Brodmann area
44), bilaterally in the superior cerebellar hemisphere in
lobule VI/Crus | (both motoric rehearsal, working memory
tasks)

1 Activation in IPL, SMG, inferior cerebellum (only in
working memory tasks)

Chen and
Desmond
(2005b)

Healthy right-
handed native
English
speakers

15

Sternberg verbal
working memory
task, finger tapping
task

fMRI

1 Activation in opercular portions of the left IFG, bilateral
precentral gyri, SMA, right superior cerebellar
hemisphere (VI/Crus 1), occipital and fusiform gyri, and
hippocampus (primarily encoding phase)

1 Activation in the thalamus, and pontine brainstem
(maximum during encoding phase)

1 Activation in the left inferior parietal, right cerebellar
regions (maximum during maintenance phase)

1 Activation in the cingulate gyrus (encoding-maintenance-
retrieval phases)

Frings et al.
(2006)

Healthy
participants

16

Verb generation,
verb reading

fMRI

1 Activation in lobule HVI/Crus | of the right cerebellar
hemisphere (measure of verb generation)

1 Cerebellar activations in both left and right
paravermal lobule VI (measure of speech articulation)

Hautzel et
al. (2009)

Healthy right-
handed men

17

Verbal and abstract
visual WM

fMRI

1 Activations were found in lobules VI, crusl, crus2, VIIB,
VIIl and IX and in the subsections 1/2, 3, 4/5, 6, 7 and 8
of the vermis (verbal WM)

1 Activations were found in lobules VI, crusl, crus2, VIIB,
VIIl and IX and in the vermal subsections 3, 4/5, 6, 7, 8
and 9 (abstract WM)

Small additional clusters in left lobule IV/V (verbal and
abstract WM)

17



Healthy right-

Word generation and

1 Activation in the bilateral IFG, anterior cingutate, SMA, left

Xiong et al. hande_d native 12 the verb generation fMRI MFG, precentral gyrus, partial nuclear groups of basal
(2009) Chinese S : .
task ganglia, bilateral insula, occipital lobe and cerebellum
speakers
Significant right >left language asymmetry in cerebellum
. Structural and language lateralization maps in the occipito-
Healthy native . . . . .
Josse et al. . Naming/reading temporal, supramarginal, inferior frontal areas , and
English 86 ) L fMRI
(2009) speakers (semantic decision) cerebellum
P Positive correlation: Which language was left or right
lateralized and which GM density was lateralized
Stoodley et Healthy right- . Engagement in right cerebellar lobules VI-Crus | and a
al. (2012) handed men 9 Verb generation MR second cluster in lobules VIIB=VIIIA
Healthy
participants Masked-priming task L _—
plasicas  (GreekEngisn o, wihregurand g LACHIONnPashelars bl e ks
et al. (2014) L2 learners/ irregular prime-target g g P P

English native
speakers)

pairs in English

irregular pairs)

The 1 symbol indicates an increase and | a decrease.

Abbreviations:

ACC, anterior cingulate cortex; fMRI, functional magnetic resonance imaging; IFC, inferior frontal cortex; IFG, inferior frontal gyrus; IPL,

inferior parietal lobule; ITG, inferior temporal gyrus; L2, second language; LAI, left anterior insula; LIPC, left inferior prefrontal cortex; Lobule HVI, lobulus
simplex; LPC, left prefrontal cortex; MFG, middle frontal gyrus; MTG, middle temporal gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area;
SMG, supramarginal gyrus; STS, superior temporal sulcus; WM, working memory; PET, positron emission tomography.
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2 A7 sk dEgd &0
GRE (Graduate Record Examinations)= €] =F thshg 2

dadherdel Jdeksted= AbeEol SAleE Aldolth GRE =

A A& H7bebe ¥4 3 (Subject Test) &2 o] Fo] 4t}
GRE ¥WkAE & 2011 d=o] /WAL, GRE /WA
AukA) o] A2 oo]=Z(verbal reasoning), <=3 (quantitative

reasoning), =44 ZHi-(analytical writing) F-#©.2 1R A Th

r
ol\
o2
18
rlo
M

_‘>i
10,

o] & oln] 27|(sentence equivalence),
= T 2H (text completion), <53l (reading comprehension) A =

o

_

Folx 9, =52 Al 34 (problem solving), S+ 4 H]iL
1 (quantitative comparison) 52| A= A = o
2 Th(http://www.ets.org/gre).

GRE #g= A=, el=s 99 44 130-170
HelollA 14 @9l = Frkey, £474 22 dH9dA= 0-6
HelolA 05 % d9l= Ha7F HrhE

GRE 9] do&=35 992 EE(Test of English as a Foreign

Language; TOEFL)°]4} E ¢](Test of English for International

Communication; TOEIC) 7S H] o)A =7} SAIAE A ¢ o

g W AP B, F2 FUAES gRor i
Aol wzo] FAHE EAS) $70] duHoz
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5. 479 23 2 74

71E WG ATolA Ao stpow g WEE BEd

etal, 2012) =7} & o] @& 750l dvkar L 7919
ZaHel P2 Weh mag wpoh gk, 237 ol
7150 #osith= AEEHE AFA ol = B35t (Price, et al.,
1999, McDermott, et al., 2003, Frings, et al., 2006, Pliatsikas, et al.,

2014), Q101 A FHS BE 249 T2 st HF A AFE
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w ATe A FaE Tkl Y3 AhAE dBew, AT
ol 7 WSk T 48 o] Aol Fostdith - dAqte]
o] 7152 (1) W 20-40 M9 A7k Fq A2l (2) Graduate
Record Examinations (GRE) &5 a2 o] ¢li= Algh (3) A+
Zhedoll M Fol gk AbgelATh Ale] VEo w2 (1) BAIES
gk 2 =7 #H < (Diagnostic and Statistical Manual of Mental
Disorders version IV, DSM-IV)ol| 7]4+3t G- x3}5 94t

™ 2(Structured Clinical Interview for DSM-IV, SCID)(First, et al.,
2012)°l A AA) == A A 1= AA Asko] IdH A (2)

WS A Q1A o

o

Ho

= AAE 1A Aol Bt A2

0,
in

ul

Fol7b =AM (3) nEst B FE EFE F2 A

T

Aol o= Abe (@) AA A7 L APAH GaelN QyHom

Frelgh ool AR Abgh (5) AE A7 90 HIREQL AMgE; (6)
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4. ¥ A7 HolE g5 R A

HoAge] ¥ 27]gHdA-e 3.0 Tesla Philips Achieva System
(Philips Medical Systems, Best, The Netherlands)2 & 3} A]
=& h T1-2 % A4 (T1-weighted image)S thg-9] whebn] g =
o] &-3Fo] Al (sagittal) WEko 2 & 53} U repetition time (TR) =
7.4 ms; echo time (TE) = 3.4 ms; slice thickness = 1 mm; field of view
(FOV) = 22 cm; flip angle (FA) = 8°; number of slices = 180; number of

excitations (NEX) = 1. F7}& o A7+ 2FukA 3] (fluid attenuated

inversion recovery, FLAIR) 37-& ths Itetu|HE o] &3] AldH
Weko 2 553513tk TR = 8000 ms; TE = 332 ms; inversion time (T1)
= 2400 ms; slice thickness = 1.2 mm; FOV = 25 cm; FA = 90°; number

of slices =280; NEX =1. &5 A7 Fojzx}e] T1-74x 9433

T1-7%x 4739l @A 2] (preprocessing) 24 S 2+ FMRIB
Software Library (FSL) 5.0.2.1 & (http://www.fmrib.ox.ac.uk/fsl)=
o]&-3}4] radiological convention ¢ 4] neurological convention ©. =
g7del =, § WEKorientation)s WHHAA| AL, 7} EHAe] F7]E 1x
1x1mm? o2 o] 33 Ao 2 A4 (reconstruction) 3k

do]EH & Analyze ™! (Mayo Foundation, Rochester, MN, USA) S =

Wekeldch 1 oS T1-4% 942 MRIcro 1.39 Build 5 ® #(Chris
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Roden, Columbia, SC, USA;

http://www.mccauslandcenter.sc.edu/mrico/mricro)< ©]-8-3}¢]
Z 3 ¥ (anterior commissure)ll x,y, z F¥EES Z+7F 0 o

=
YA (origin) o2 A3t} ol9f T2 AAE Fal Agd TI- A=

o

34 dolEls WA BAel WA HALA AR HAF F e

ol

Aol A8 A
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5. Spatially Unbiased Infra-tentorial Template
(SUIME o] &3 FA7| Fej&4]

141 7) 4k & g 22 (voxel-based morphometry)& &1 o] =of] A A
o538k Z42be] Ao W GdS &Kt Bt SH(spatial
normalization), 3|4, W2, ¥ {3H(segmentation) =

Ad sH(smoothing) S 7 AHE AIEA FAA E4S

B3 Zhzte] HAS wlushs B4 W o] th(Ashburner and Friston,

AR Ao A 71 Wo] A}&3laL 9l International Consortium for

W
L
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9l spatially unbiased
infra-tentorial template (SUIT)S A3 HA 7|49 & g2 o
A}-8-31%1 tH(Diedrichsen, 2006). SUIT = 938} (infra-tentorial)
TERES HAY olEgt~ A4 < aE]F(nonlinear atlas generation

algorithm)ell w2} Montreal Neuroloic Imaging (MNI) &-7Fo]|
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HEAANA TR o= 1] g4 (spatially unbiased) <!
] =21 o] t}(Diedrichsen, 2006).

B Ao A= MATLAB 7.9.0 ¥ (The MathWorks, Natick,
MA, USA)ell Al -3 ¥+ Statistical Parametric Mapping 5 B] 4 (SPM;
http://www.fil.ion.ucl.ac.uk/spm)°ll 4] SUIT Toolbox 2.4

H 2 (http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm) S-

)

Ol

Ashburner and Friston, 2005), A T1-743x G2l A ksl

il

Al

[
(o]

sto] whE 27 P(classification map)S A4 gl (2)
47t 3H(normalization): 2] ¥4 ¥ 94S SUIT ofset~

1

mﬂ

=2lof| &3+ A5+3} skch(Ashburner and Friston, 1999); (3)

A= (reslice): Gf3} TACA A B2 MY P (nonlinear

!

deformation map)ell Z3tel B AP A FH HAGoA Az WY A
FEE o] gdte] AEg obEets Fke] AT gl (4)

W& sk(smoothing): A& AAS vkzl Ax e} H3to] 34 S
24 3 Wiz o] U 8] (full width at half maximum, FWHM)Z 2t
7F9-Al ek 51 7] 9 (Gaussian isotropic kernel)S 219 ¥ &3}

SHATE & ATl 7S] SUIT & ] &3 A3 ATelA .
¥ 1 O -11
30 '\-._i g =g 1_ |



| 4mm ¥Hzolun| ] 71-9-A] 9k

31



Ao AMEH whaAE FSLeOl 23H fsimaths 2 13
o]-§-3to] SUIT Toolbox ol Al Al&-38f= BlIESe A 319 12%
A= (intensity)oll s H = HAS AL F wtoly 2] w2 (binary
mask)= QAT e FEL GA FEE vFSHA et
RbEolXl wholde] miaA 5} SUIT oA Algshs "HE3ls

X

LI

o

Hlasto] 78 AA 7 =2 12%= 2735kl

=
AT B G ade] 2P F7] A Wb FE LA

T1 UhS MATLAB < o] &3l 3w nfxa o9 o

T3 4y A B Fugs FET H 7 HAd g

p #S FE3e] MATLAB ol A - Atel A A3 uncorrected p <
0.01 oA AR Fongt Zow Yt gER z,p

W 717F QS vtelu e vlaaE Abgetel F3¥ 31,141
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N Ay 3dE BAS A4 B glo] ¥lud Ag A4E vs
H] 3L (multiple comparison) A7} @A = = 5] E7]

ujl ol (Bennett, et al., 2009, Marroquin, et al., 2011), ¥ oA =
U5 Hlal BAS 91ste] AFNI O] 23%% AlphaSim ZZ 135
o]-g-3lo] EHFIE 2 AlE o] 4 (Monte Carlo simulation)S 3+
Q) o] =< 7 A (random permutation test) HH S A8} th(Ward,

2000). ¥ 10,000 H19] ZEHIIEZ AlEH]AS 2mm <

B oA B4 BA8 SPM5 ¢ Stata/SE 12.1

B 7 (StataCorp, College Station, TX, USA)S ©]-& 35} t}.

33 M =2THer
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Table 3. Demographic Information and GRE Scores of the Study
Participants

Study Participants

(n=48)
Demographics Mean (SD) or n (%) Range
Age (years) 24.2 (2.9) 18.4 - 36.9
Sex, male (%) 27 (56.3) NA
Education (years) 15.5(1.3) 12 -18
Handedness, right
(%) 42 (87.5) NA
GRE Scores Pre- Post- Pre- Post-
learning learning learning learning
Verbal Reasoning 144.6 149.3
(% below) (26.3) (43.4) 132-158 136-164

Pre-learning GRE scores were missing from two participants. One participant took the
test but accidentally canceled the scores, while the other participant could not take the
test due to technical difficulties with the computer at the test site. Post-learning GRE
scores were missing from four participants. The same participant who had technical
difficulties failed to reschedule the test. Two participants took the test but accidentally
canceled the scores, while one participant arrived late to the test center and was
denied to take the test.

Abbreviations: GRE, Graduate Record Examinations, SD, standard deviation.
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She AT St TR Aele] Wit /17he 54 Lolirk A
84 WEg FAHCE A A, & T A4 3719
THAA FIF 23] 54 YRS W} wREJE 4, 19

2,3,4). &4 34 "7t folatA S7HE v HE 5 Crusl
29EFH7] =120mmd, Hd z 3k =3.62; AW z @2 MNI 3% x=
-32,y =-74,z=-35; p<0.01, corrected), #= Crus| A~%(Z7] =96
mmd, ) z 3t =3.63; W z 79 MNI H3E x=14,y=-82,z=-
25; p < 0.01, corrected), &= Crus Il 2%(Z7] =104 mms, F z
%k =331 A z g MNI #3F x=30,y=-78,z=-45; p<0.01,
corrected)o] ATt A3 3d WEI} FoldHA dad B9=
AT

= Crus oA gA®E Ao 8 A sk T
et 3]d Ak wistel WS g Zpolete] FuAAE EATH
Ay} r=032,p=0.04 02 TR Fd UL W3le} WME L
A9 Zpo] Atelo] ok kol AuAATE g A T3 =
Crus | olA % r=0.35p=0.02 22 3| Ux Wsle} W] AP
2ol Atolo] frolgk ko] AudAZE gl #5 Crus
e Fos AdaArZE SR &gtk (r=-0.01, p = 0.93).

a2 34 dE Zol7f BHE Al e Hyt 34 = Wske}

7§ '.'-\. |
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A% Abolo] WEAE felg ARTAz} hebdtkr=038,p =

0.01)(s% 5).
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Table 4. Cluster Regions in the Cerebellum with Significantly Greater Gray Matter Density in Relation to Language-

related Learning

Cluster size Peak MNI Coordinate, mm
Region Maximum z score
Voxel Count Volume (mm3) X y z
Right Crus | 15 120 -32 -74 -35 3.62
Left Crus | 12 96 14 -82 -25 3.63
Left Crus Il 13 104 30 -78 -45 331

Mixed-effects model was used to investigate longitudinal changes of gray matter density. The resulting maps were thresholded with uncorrected p < 0.01.
Correction for multiple comparison was done using Monte Carlo simulation, yielding a corrected threshold of p < 0.01. There was no significant clusters of

decreased gray matter density.

Abbreviation: MNI, Montreal Neurological Institute.
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Figure 2. Significant Cerebellar Gray Matter Density Changes in the Right Crus |

x =-40 x =-39 x =-38 x =-37 x =-32

sssssssss &

y=-78 y=-77 y=-76 y=-75 y=-74

ST e T T %

=-33

ODOOD LS

1.5 1.8 24 3.0

The significant clusters of gray matter increases in the Right Crus | are presented (p < 0.01, corrected). Mixed-effects model was used to investigate
longitudinal changes of gray matter density. For multiple comparison correction, Monte Carlo simulation was performed using the AFNI AlphaSim program.

Images are displayed in radiological convention: the left side of the image corresponds to the right side of the brain. Each row of the numbers indicate the
X, ¥, Z MNI coordinate, respectively. The color bar represents z-score values.
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Figure 3. Significant Cerebellar Gray Matter Density Changes in the Left Crus |

x=17 x=18 x=19

Wala'w'www B Y

The significant clusters of gray matter increases in the Left Crus | are presented (p < 0.01, corrected). Mixed-effects model was used to investigate
longitudinal changes of gray matter density. For multiple comparison correction, Monte Carlo simulation was performed using the AFNI AlphaSim program.

Images are displayed in radiological convention: the left side of the image corresponds to the right side of the brain. Each row of the numbers indicate the
X, ¥, Z MNI coordinate, respectively. The color bar represents z-score values.
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Figure 4. Significant Cerebellar Gray Matter Density Changes in the Left Crus Il

The significant clusters of gray matter increases in the Left Crus Il are presented (p < 0.01, corrected). Mixed-effects model was used to investigate
longitudinal changes of gray matter density. For multiple comparison correction, Monte Carlo simulation was performed using the AFNI AlphaSim program.

Images are displayed in radiological convention: the left side of the image corresponds to the right side of the brain. Each row of the numbers indicate the
X, ¥, Z MNI coordinate, respectively. The color bar represents z-score values.
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Table 5. Correlations of Cluster Regions in the Cerebellum and
Percentile Score Changes of the GRE Verbal Reasoning
Section

Percentile Score Changes

Region
r P
Right Crus | 0.35 0.02
Left Crus | 0.32 0.04
Left Crus Il -0.01 0.93

Pearson's correlation coefficient was calculated between mean density values
obtained from each significant cluster and percentile score changes of the GRE verbal
reasoning section.
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24719, F371s, 7Y 24 s 19 7wel d= A=
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Abstract

The effects of intensive language-based learning on
cerebellar gray matter density: Voxel-based

morphometry analysis using SUIT

Jooyeon Im
Interdisciplinary Program in Neuroscience
College of Natural Sciences

Seoul National University

Introduction: In addition to its role in motor coordination, the
cerebellum has been shown to be involved in higher cognitive and
lingual functions. Based on recent neurocimaging studies that provided
evidence for neuroplasticity following environmental stimuli such as
learning or new experiences in the adult brain, it can be inferred that
the cerebellum is also subject to learning-induced structural changes.
There have been several studies that have investigated the effects of
motor-related learning tasks on cerebellar structural changes. Despite
numerous reports on the cerebellar role in language, it still remains to
be elucidated whether language-based learning affects the structures

of the cerebellum. This study aims to examine the effects of language-
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based learning on cerebellar structural changes by observing

cerebellar gray matter density changes.

Method: A total of 48 healthy individuals underwent the intensive
learning protocol which included vocabulary memorization and practice
exams for approximately a month in order to prepare for the GRE
(Graduate Record Examinations). They took the GRE before and after
the intensive learning protocol, and their demographic information and
MRI (magnetic resonance imaging) scans were taken at those times.
Voxel-based morphometry (VBM) analysis using a spatially unbiased
infra-tentorial (SUIT) template was conducted to investigate the effects

of language-based learning on the cerebellar gray matter density.

Results: The VBM analysis revealed that a month of language-based
intensive learning is associated with a significant increase in cerebellar
gray matter densities in the right Crus | (cluster size = 120 mm?3,
maximum z-value = 3.62; MNI coordinates: x =-32,y = -74, z = -35;
corrected p < 0.01), left Crus | (cluster size = 96 mm?3, maximum z-
value = 3.63; MNI coordinates: x = 14, y = -82, z = -25; corrected p <
0.01), and left Crus Il (cluster size = 104 mm?, maximum z- value =
3.31; MNI coordinates: x = 30, y = -78, z = -45; corrected p < 0.01).
Right Crus | (r = 0.35, p = 0.02) and left Crus | (r = 0.32, p = 0.04), two
of the regions that showed significant changes in gray matter density,

also showed positive correlations with improvement in GRE verbal
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reasoning section scores, whereas left Crus Il (r =-0.01, p = 0.93) did

not show a significant positive correlation.

Conclusion: Increased gray matter density was found in the bilateral
Crus | and left Crus Il. Moreover, positive correlation was found
between improvement in GRE verbal scores and gray matter density in
the Crus I, which suggests that gray matter density changes in this
region may be induced by intensive language-based learning.
Accordingly, it could be inferred that the cerebellum is closely linked to
linguistic functions. This study is the first to report cerebellar gray
matter density changes due to language-based learning and also

provide evidence for cerebellar role in linguistic functions in the brain.

Keywords: Language-based learning, cerebellum, MRI (magnetic
resonance imaging), voxel-based morphometry
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