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BOLD (Blood Oxygen Level Dependent)
Contrast

5o Mgt wE ¥ 7] Wk YAl oxy—
hemoglobin®] &% ¥3}7} vEX] endogenous contrast*®
MR image signal®] H3}Z Yeh}=d), o]& BOLD (Blood
Oxygen Level Dependent) contrast2tal s 7144 A}
718894 Az thE] (contrast) 7]7Aoe] HTh
BeEe] mE AT TR H @R/ S %
gstct ti7l ¥ I 3a@e] eEE 2YEEE 2
3] =44 oxy—hemoglobing HE7} 4tz oz &7}
Al HW ol Ty AsE F7HAIA A S, AdEE
= A3 Yehdi= Aol ofe} tiy Eige] wE Al Y
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HFAEe 449 WHtE AT EZHN MAHS TS
Hked st} 1 % spiking pattern®) action potential .t}

© ¥ 879 7 9 AKHOE FE8H local field
potential (excitatory and 1nh1b1tory postsynaptic poten-
tial) S ] Z Wb Aoz oA 9rt? Oxy—hemo-
globin &% W3}ol] 23
ityell W17+8F T,'—weighted image’} BOLD—contrast
fMRI®l 71 &3] ARt

39 local field inhomogene-

EPI(Echo Planar Imaging) Sequence®|
N7 - B2 A

A= 3 5~6x1 G- o]2= BOLD signal®] 3}

= 7410}7] &3 A fast imaging sequence’} BL3FEE,

o]& 93l 3t M9 radiofrequency excitation?tO.ZE 23}

¢ imageE 9< 4 9= EPI(echo planar imaging) se-

quence®tl k= FA7IHE o] &3l EPIE ©]g3td
1.5T scanner®] 79 3t slice® ¢F 100 msec (A | &
AL 2~3%) o G5 F e WE ARBIAET 7FssHA
gh EPIE QVdA 0% o]&dh= -84 MR @7l n

ol

3 1M =t 48] Wolxith webs fMRI A3 9]
éﬁri Mo];ql—_ %]-Hﬂ oﬂ/\L__sl L}%oﬂ EPI°ﬂ 31594 },}
X = coregisterA|] aAFEQ] |FEA JAtof| overlay
AA I gdel FAAQl RS o] gslth(Fig. 1).
Tok EPIE 9% 3t A7/t 2YE S¥shdaA] scanner
noiseE TAAZIEE HZ} IMRIATA EPI 9=
AZFE EE3 o] E zhe=t), 3, BOLD—contrast?]
7 A EE A1)9) signal—to—noise ratio (SNR) of] 2]&
3t SNR2 MRI 419 A1 =7]ef vty 1.5 T
scanner? -9 w9 31491 voxeld =77} 1.5%X 1.5 mm
o] slice thickness’} 3 mm AEW 79 Ao ¥t
FFE(15X1.5X3 mm) & g 4= girk

Auditory fMRIQ| 41} ZH|AFS
F=HIARZ
fMRI-kit
IMRIQATF] Z Q38 A=oluf AAAMS JF A pre-

sentationdR= hardware®} software’} MRIZH] F+¢JA|
off @A Eolgt A=A ERlsljof st o] kitell= o7l Al
A7 Aol B Q3 headset, sound amplifier—module,
video projector, ¥ A} v AS7] (52 finger pad) %
9] hardware”} 39 11, A= (52 A

$ W53l o) 2HE imaging—triggering signalS

2) paradigm
scanner
o Bl A= paradigm¥} imaging®] synchronization ¥
5% scanner® 4% softwareso] E&H] Sl U
X A9l softwareZ% E—prime (http://www.pstnet.com/
products/e—prime) ¥} Presentation (http://www.neurobs.
com) wo] 28Itk o]#g programe ARG w Fog
A2, 2FoA4 %= sound(or video) fileg linkA|#H A}
23t ", ol #YS uploaddt=gt "|AISH delay
7} sl Al AE8t imaging time®] AAA|A] LA

Sound-on Sound-off

Activation

High resolution T1

Activation T-map

Fig. 1. Generation of activation-map. Through statistical procedures, comparison of functional images (each of sound-on and -off,
respectively) produces a black-and-white activation map. When this activation map is overlaid onto the high resolution anatomic
image, the activated areas (whitest areas) are colored according to their statistic values.
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Algrotof sk, AA|E olgst e /E Hshr] P8, F24
712 2838 AA A= paradigmS 3 FUZ A &3
imaging#} sAlol LS A2 wj(AgE softwares T

A) FAEE AHgEHs ATAEE ok Hel Ytk

25 2] AR

On—lineor #5852 A|¥%+= sound generators o] &
3l o] A %A broad or narrow band noise, pure—
tone 52 A= & LS W= U=, 2 F Goldwave
(http://www.goldwave.com) program®| AF&-s}7]o] 1t
Hajrt.

Sound measurement and delivery system

715¢] IMRI-kit> T2 A7 g7l kgt air—filled
tubeE o|83lA A= & dAdsted, B2 AAbEol
ofA I o] WAS A3 gloE R ARgof Fgl7} glo] Hel
o 2y, AAR o] WA H9E tube’t o)
Aol M= Qs F9oAM H$- cross—talk’} HASHE
2 Y Ao A AR bgEA T & A BA 3
oh E3 tube s EaL 4 Aol FEITE wEbA, MR
image°®| 9IS T4 gerhe AT AW electrody-
namic cables o]g3h= Zo] &t}

7F IMRIQATll Qlo] 7P $8.5F Al F dhvks MRI

roomUlFel A @A HY GXE SAst & I}
(supra—threshold) &3t 719 A= 52 AGe &

Headphone

Optical microphone Fiberoptic cable

Sound measuring
software

Sound
generator ;

synchronized
with scanner

Sound delivering
air-filed tube

Fig. 2. Optical microphone integrated into a headphone.?)

4

ojok shth= Flott o] & 918l scanner &5 A5 &
o] A715 dBYSIE Hsks s AldsiA ddahs
WS ARESEAY, I P4 headset ®i= ear—plugHl
o] o}¢] MRI—compatible microphoneS Alx]&to] & =1
715 St sk Aotk 7 WA o] 93t
Aol ALs= 22 A 2718 & F eEE & 4
gath(Fig. 2). 53] EPIE 7] 9138 bird—cage @ E|<]
head—coil& #-¢-= 45 M7t & PR headset©]
Fuks WA EHo] AeE= 5o A7 2-elA Alakst
ARG AR AAA H=dl, FA7]E headsetfol &2
Sobd oldl FAI%E 9& o gl E=5k 93] Ao A
gue= 3 450 AR A & g jlornE AE
o A 20s Ve o Hsith ok ol&
$18014 headset ol F573%0] 13 ¢l optical micro-
phones x| &jof ght?

fMRI-data analyzing software

MATLAB (http://www.mathworks.com)

Image datai= slice® 18] & AT (stacked) 3%
9] matrix™ x, yE 37PY #H3E7} Ha1 252 3T slice?)
A7 =Aq7F " g8y GRS gke] & matrix ko]
Hug Jaot Fo (3w e sldshs ke FE 9 Ak
o] 7ksaitt ol2igt ™A ik MATLABOZh=
&8 programe ©]&sto] T ofefe] Avlsh=
SPM & fMRI data w48 98t At softwares< Ul
& °] MATLABS &3 A B4o]22 MATLAB
S T3 ¥od AFEE FE software5S AREE

- 9tk

MRIcro (http://www.sph.sc.edu/comd/rorden/mricro.html)

fMRI data+= scannerZH-E .dem(dicom) filed] 320
2 A9 MRIcro: MR image®] tif-i 3420
el viewerZls-& 3k, ©o]& FFol A8k program
o] uk= &A1 (SPME] 7% analyze format) 0.2 oA W
SAAFT7IE ab, imagedell dat= 99s 18 region
of interest RODZ F2Je = QA e 5 2213

olct,

SPM (statistical parametric mapping, http://www.fil.ion.
ucl.ac.uk/spm)

fMRI 4L 93 718 t%49 software® fMRI,
PET, EEGY| dataitAo] GAMEE #<] ApwdtE o] Stk
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A= &2 B3 activation®] IMRICIA] Ho]7] wjEo]
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Fig. 3. Activation in the inferior colliculi (IC) of hyperacusis-group
and normal subjects.5) The two groups have normal hearing thre-
sholds (<20 dB HL) at all tested frequencies. The IC of the sub-
jects with hyperacusis showed greater activation in response to
50 dB SL-broad band noise.
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E A9l W Eo] a) passive noise protection, b) active
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temporal imaging &°|th. 54 X9 WO 2 earmuff
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24 AR oF 30 dB ol o A glon
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o] 8]8 clustered acquisitione sliceS-g dhHof| Zo}A]
AL 0 7MW o A7k noise—free period7} H™, GA¢
F71(TR)E 10x ooz Al oz Agd 2t &

Fee whgol A9 288 ol P P Rolth AF

dlo

rl

T D

w

Gk 01N 01w 0

Characteristic
frequency [KHz]
[ N

ized BCLD resporse

.

L
Freque

21
uer

23
ncy [KHz]

$-& noise—free(silent) period®] & 4= QO 2= silent
imagingoletal e stk 450 Fs vahr] flsh oy
special imaging protocol?] EAef tfat A% oju] A
7 fMRI9) E5AT ok Ao Itk Fata)A
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25 5o Fet 27)

A7 A2 1Y A4sFe] SsE B v
5o W A FxA 0] FYEES broad band®] noiset &
oF o]-gsh= Zlo] Aot} vt FZ532] tonotopic
arrangements A3k S narrow band®] modi-
fied tone Hi= pure—tones ARE3llof g Zlo|t}, H7}3]
Aoz shuprE ohel 4 670 Felo] A4k 57491 tono-

Distributed Volume Acquisiton (DVA)
"’f—‘---...___..‘.-..-—- .
< il
——4—a—d—e—a—eo0—0—00a40
Clustered Volume Acquisition (CVA) ’,’"-“*._
-~ ‘\-\.
(12345075 = (LTI
TR i - TR ——————
‘ -=== Hemodynamic response induced by scanner noise ‘

Fig. 4. Hemodynamic response induced by scanner noise and
patterns of image acquisition in DVA and CVA (modified from
Edmister’s diagram) .12 All sices of an image volume spread over
a repetition time (TR) of imaging in DVA, while they flocked in a
limited period of time in CVA. Thus, CVA could provide long silent
periods between scans.

b c¢c d e

Cortical cluster

Fig. 5. A fMRI study demonstrating
frequency-selective responses (to-
notopy) in the primary auditory cor-
tex (PAC).19 A : A best-frequency
map with six frequencies (0.3, 0.5,
0.8, 1, 2, and 3 KHz) acquired from
a subject : Color indicates the sti-
mulus frequency that evoked the
highest BOLD response. B : Average
best-frequency in a set of 5 mm?2
cortical clusters (a, b, ¢, d, e, and
- f) located in the activated PAC.
. C : Frequency tuning curves for hig-
hly selective voxels from the clus-
ters.
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topic focisg zta glomzl ol Awsgletelwd 27t
ST o An7E etk olE =0 7T scanners
o] €3 event—related design® tonotopy &= b 3}
ol gt A e T2 A5 AAE vl Qlrh(Fig. 5).19

A7t A3 Ass A 29 A71sh Aol Q)
th Agdoz tj7) 50 dB SL =9 HZEqE 2Ju] gl
+ activation®] YER}Z] AlZkehH, 70~80 dB SL A%
A Ho] @skE Btk AR zfelg) Al £
Fof w2l =49k 80 dB SLS %38 saturation®
o] 23]9 activation®] #AE F Q3 T £AFO0 7 A
A A 2EHATE AslA AFE Fdshes s 2ds
o} st AP A= ol tish annoyance”} limbic
systeme®l] HFJE o] limbic activation®| auditory activa-
tion® o} B FHsA vepd ¢ Qlrk AE5A 5ol diEl
M A7 2 S A4S FYTF saturations B
o], z}=o] ©EA o] HH o]y saturation BEO] A
sttt 2= 59 amplitude, bandwidth, “12]11 repetition
rate’} 7t A7} F5E52 43519} satuartiondl PA= 9
ol gt 5o & A gk

AEH S A SO078 ARgsRE A9 IJ8A} A
FallA HAFes ode 2 o] QEiA, A= & F1tel
U2 Zoluf &S mute 717HS ARSI o] QIA|E S
sk Al (auditory task) & T 20| =9 Akl Azt
g ok ey o]F A9 task®] HE 52 7l odd-

=

ball(frequent consistent stimuli®] &5 <o 419] Ql=

o o

b q

infrequent target) 2 2284 ¥©] mismatch negativity
U P3003} 22 E473 dH 9 event—related potential
S §slA Ft Oddball-paradigm®) A= HW-2lo] =)H
23 2 o]e AF Sl digt HhE-2 SAEL o]gA H
A A Sk A A= 29 wkgol 7o s fAE A
3l Agleh B3 5 we] A s HEE, F & ol
& A= 55 AR B Afele A gEsA] ok

oddball—paradigm< WHEA] FEE Fog) o} g}V

Study design : blocked vs. event—related

fMRI 7oA study design® FEAS A AFoiF
= AYsh= Hx9] gho17 7MY 523 2ot Algke
A2 Yol 7hs3 B imageS U2 O 2H statistical
powers FHujsksh= Zlo] @Al a8 /ol
olo] 7}4 =243t Hketo] blocked—designo]th(Fig. 6).
= A=—block¥} F2]-blocks WMo} FHA -2 1+
o= o33 ¥ images ¥ Waoltk 10~30%9 A=—
block &%t A5 A&FAY FdA=S ol W vk

ol

Blocked design

BOLD signal

EIN s J s} JERIERR: | s |

0 4 8 12 16 20 24 28

Time (sec)

Event-related design

BOLD signal

[s]

0 4 8 12 16 20 24 28
Time (sec)

Fig. 6. Hemodynamic responses in a blocked and an event-re-
lated design. In the blocked-design, repeated stimuli could pro-
vide a sustained (and/or enhanced) response, whereas in the
event-related, each hemodynamic response induced by a sin-
gle stimulus could be preserved.

st} olo] H]&l] event—related designe 139 #-2
= 2J%F hemodynamic responseE AU o]
o] AR & FA4719) AdEE imagingdbAy o
79 A= eventE U} Blocked—designolAE <4
Ao QlE HEgEo] FEWA A%E o] activation
S A 350 AXA Fuk 28Y event designd &
2] hemodynamic response?] A7+ WH3l= A=
Atk HE 94 Fu) Y HdE SNRo| =olA|HA o]t
849 dold vlwd AFZHA event—related de-
sign®] A7 Eofvhs FAlolth 2L A activa-
tiong WA = 9OV 2 design LHoll IA ol TA
ol Hu, ¥zt H7 FF0 WS #Este siohd
Bt} 783l blocked—designo] Aujgd Fgo| 2y x4
A1 FY FHoluy Fok& A= S0 U veith

Cambridge™ 2] Cognition and Brain Sciences Unit
oA A7|A7]= study design®] 92-& Sy} 2t}

1) Scan for as long as possible : 7}&38F B2 data—
pointE 9o FAA s =o17] flsiAelth

2) Keep the subject as busy as possible : AFsA
S7kekd Hseo] "ojA F=A frk

3) Do not contrast trials that are far apart in time :
H] w8 imageAtolell A A|7HA Apol7} vi= A g-oll=
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u performance’} @2HA= 22 9& 471 itk

4) Randomize the order, or SOA, of trials close to-
gether in time : AF= T A2 AES JHA) A=
kA Xt sllok ATEE fAE Atk 7o JAFs

FAAZI7] Sl A2 H4o] Bz = 7)ed #AR]

= HEY dAE FHeE she B9 Stk oE
=0 502 v 37 APelA st visual task —o
5 5°], &2 crossFHE HolFHA 7 1 AZo] vt
4 gl WEIEE she—8 V% @tk SOAE ddH
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Aoz SlEsfof sk

Stimulus Onset Asynchrony&
E_/ﬁ]}\], X}__'l TCl- —5}\17]94 }\]Z‘L
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Imaging of Subcortical Auditory Centers

it AES 7158 s A7 IMRIATS WA
2 oAAA gt} 1 ol Al lﬂVJ A7t 39 717}
Zopr] F3F AT JAdo] HQEgla, EAE, w1t
W ol & Y= (vertebra—basilar arteries)©] AHHgo]
gl H7HE QEAA SFEE PH S A7 of F

7] wzelitk sl &gt w7k FAUL FE ce-
phalocaudal and lateral direction®|™ 3|4 %2199 &

E7F 0.5 mm/s olsield] vlsl ¥ite] Aokes HEe
oF 2 mm/sell o|2EE o] gt FAg ZA o] HIke| <t
AA GAS A= g Foj7) Hi= o] 47 aeE A 9k
¥ 7ke] A ZFEZo|= cochlear nucleus (CN), superior
olivary complex (SOC), inferior colliculus (IC) &} medial
geniculate body MGB) 5°] X3slth CNe & Al39]
HzyetA EAS HAdah= ventral nucleus9t 37H AR
£ AdslE= dorsal nucleus® U™ tonotopy 2] EAIS
ventral nucleusZo] 731t} SOCE 48 oA &
¥ S5 AgH0R 58 4 9ES Sk efferent cortical
control& o} olivocochlear tractE &3 cochlear hair
celld 715 24> 1C= F7 IMRI 7ol Ao
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