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X &: obd| =l 4FQIXHATP, adenosine triphosphate) 2] &4 ¥ &3l =
ArgA L] R Al s A1 Rl 53,
A o}¥l 7] LA (CK, creatine Kinase) HH-g--2> 214314 ATP &

Gl A om AUARATL o] Fold & U=

o
=

.

by
i

HEE Aol B Wl AR AL Askel vrkek A,

BAAg TS AHAA T DA HA, Aol A o YA AL &4
e S gk A7 BAS W ok ey oA

ol = <1(*'P, phosphorus) #}3} # o] (MT, magnetization transfer)
2713 3393 AHMRS, magnetic resonance spectroscopy)< ¢ 3

IR EFo] Y YA] &} de]o M= HA7]FH(NMR, nuclear
magnetic resonance) system =+ Siemens Magnetic Resonance Imaging
(MRI) system & 913 Aol 7igts o] A7 X3 F o] A1k, Philips
MRI System 9| A= o} 2] X F2Ql ZREZFo] HAF oA gkon,
Alz=dl HE i 540 7] wiEdl, g Azl A
IZ2EFS OYE gE AAHA A& = AL E7Fss)

upgha], E oIt A= Philips MRI system ©l 4 3P MT MRS =



18 Philips Magnetic Resonance Imaging System ol 41 3P volume head

coil & ©]&3}o] MT MRS ol 4 A7 4 Hi(steady-state) X3} WHES

stlar, 1 F 6o A3 xrE 3 3}(pre-saturation) IHetH]
< AAs7] 9k Ao sl 13 W o AFFHARE

o r AAH TREZS £33 P MT MRS 22 E 2}(spectra) =

Jn
P‘L
32
K
H:l

2~ 3 7 ¥l o} ’l(PCr, phosphocreatine) 2] < =
3] E-(inversion recovery)® s © &2 T1 o] 2FA] 7H(relaxation time)-S-

S48 kegbe ARt

A3} y-ATP (gamma-ATP)E ¥ 3}A]7]7] 3 A 3} vlelv]E =,
A3 3} (offset frequency) S -94(Hz), 215 ZH(pulse angle)-S- 3000,
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0.28(E=HAF 0.07)°]ATE F3t FAo]&EEAF(pH)=
7.04EFHUAF 0.04), T vkl Eo]F EAF(pMg) =

4.46(EFAX}F 0.27)01th o] #AEL APATY Azt

AdE B F Advh A il ZrEFO| Y-S Y5sisith

32 B Aol A 3 TREIS o]gdle] BluE e A7
Qtoll Efgst ZAo] 7hssith E A = Philips Magnetic

Resonance System o] 4] 3p Y& o] &&}o] ¥ U oYX AL A+
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Table 1. Summary of in vivo P magnetization transfer studies
Table 2. Summary of human brain *'P magnetization transfer studies
Table 3. The values of PCr height according to different pulse angles
Table 4. The values of PCr height according to different windows
Table 5. The values of PCr height at each time point

Table 6. Final scan parameters applied in the study

Table 7. Demographic information and ks, pH, pMg values of the
participants

Figure 1. Volume of interest

Figure 2. Analysis of *'P MT MRS spectrum in AMARES

Figure 3. Spectra derived from the images obtain with or without
saturation pulse

Figure 4. Reduction ratio of PCr height according to different
saturation windows

Figure 5. Analysis of T1 relaxation spectra

Figure 6. T1 relaxation graph
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1. ¥oh ol A}

o
dew o AE7E sk A9 o AAZIE T He gE
o' AA7| ARG B2 oUA S AHEsh= 7] o] th(Fehm, Kemn, &

Peters, 2006). 217Fe] &= A1A|e] A FANA 2 HAE = v+

20 ¥ Al Eo| Zalti(Rolfe & Brown, 1997). oA AH]3lE o YA =
2 ALt Al S o)X= AEE uie]e] A9}
B34 o 22lh(Attwell & Laughlin, 2001). =8k, 417 A 2]

AE FASFAY AAHAGELS AFTs7] 2138k
AN A 7} AFE-5 7] = FFoh(Attwell & Laughlin, 2001). o] Z A = o] A
dojub= BE A 52 B U 4HlE Tkt (Attwell &
Laughlin, 2001).

FH o= EHaAd 4178 E 31 =30l M Y (AD, Alzheimer’s
disease), &% ¥l " (HD, Huntington’s disease), }71<=4 ¥ (PD,
Parkinson’s disease) X 9|44 = &4F #xfoll A ¥ U Al OjAL7}
At ATt A2 H}Eo] Bk 3ltH(de la Monte & Tong, 2014;

1

=
-":lx_! E '\. ok |



Eidelberg, 2009; Ferrer, 2009; Ishii et al., 2005; Olah et al., 2008; Rezin,

Amboni, Zugno, Quevedo, & Streck, 2009; Stork & Renshaw, 2005). <]’34

Y B4 Shaiel B A AMAASE #x) oA oYX tiALe] A skt
74 5] 1=l (Khatri & Man, 2013), o= A7 dEE4 9] g4 3
Al 2=e] SFo RIA R 75 ool Alsle] AA o |

gakdo] EAEHA] wWAlE Ao 7 HaE I 9l th(Khatri & Man,

E e A4AT ATES 2

3 HH, Block 5 A A+
27187 H-3437%H(*H-MRS, proton-magnetic resonance spectroscopy)2-

o] g3ato] d=slolmH A} o] FY 5+ (medial temporal
lobe) -0l 4] N-o} A €l o} ~ g o] E (NAA, N-acetylaspartate) 2}

A # }RI(CRE, creatine)o] #HAFthe= A2 & #3E 53 3L(Block
etal., 2002), Ishii 5 FDG-PET(**F-fluorode-oxyglucose positron
emission tomography) & ©]-&3lo] d=3sto] M 3hx} o - t)A)3]
(posterior cingulate gyri)?} &% T4 F-&(parietal lobule)<ll A]
Teg oA Ake] 7S B 18k th(Ishii et al., 2005). ©]

ATATRES Bxsolvo] FRAoT M| hAHE

A o] 7} A 5] 9 thH(Rezin et al., 2009). %A $-&-of

Aol = 'H-MRS gAtoll A afinl o] EA13l= NAA/CRE <]



#Ha7F #EE ki (Bertolino et al., 2003; Deicken, Pegues, Anzalone,
Feiwell, & Soher, 2003). Stork 52 $=4 -2 olol A ¥ MRS
AT AAES T AAAHALE E3Fe ¥ oA tiAte]
HstE AA e, MEZEgote] Vs oldo® Qe 4hshH

]2k 3}(oxidative phosphorylation) 7} &4k o] & R &) &80 7FAs}ar,
To wet F oy A A B 1 7HEAd o] At AES
%= Z3) W th(Stork & Renshaw, 2005).

H Ul oy A thabol g 2| #a o

o
re
-
2
X

g

17 ¥ 91 th(Burbaeva, Savushkina, & Boksha, 2003). =& 3kz}o] A%

S7HE o] AATH AR W ATl A EERE ofy e} Htol e A3}

Z1 o] (MT, magnetization transfer) & ©]-8-3}<], A A di(in vivo)l A
dojuta = AU AItAE g A3t HxE A Duetal.,
2014). Du 5 &84 3259 MT-MRS oA o}t =2l 2Fl2HATP,
adenosine triphosphate) & 34 sl =L o}¥l 7] A (CK, creatine kinase)

B S7F A dix ol vls FevstA =dve As

ruu:

T3] W tH(Du et al., 2014). o]t AF A= HA A3 HIAHE

O
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e e =

o] A
A= |

o QIgk ATP #&d thAat o7t €

o]/

|

=
[€)

]

7

%] 2] (Olah et al., 2008; Tsunemi & La Spada, 2012),

-
it

=13
=

ki3

oA = W oA thal ool T

=23
1=

7Fzl AL

2} 71874 &4 AH(MRI, magnetic resonance image), 3 #}7] & (NMR,

neuclear magnetic resonance)

f A o] Fo]x 32 A tH(Du et al., 2014; Forester et al., 2012;

9|

Al =7h AL

Jeong et al., 2011).
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2.ATP & #&3} CK B9 53

ATP = ot} 2jB @ =7 Ak ofull=Alel <14k 3747}
oA <14 $HHEP, high energy phosphate) ©.& 2%
7] 3}8H5 o] tH(Nelson & Cox, 2000). ATP 7} o] o] E] 3] &4 (ATPase)°ll
o] ofd:=4l 2 21 XHADP, adenosine diphosphate) @} 7] <14k(Pi,
inorganic phosphate) &. 2 -0 2| TH A o L 2] 7} Wk % tH(Nelson &
Cox, 2000). 18t] &FoAx AR dh= oA ol H] &)
Azl EAe= ATP = ¢ At dyA &Awrt & 258 &
o= ATP 7} B5 afjE o] ks ad=7] el Al ol
FEAel= ¥ 2~E A9 o}l (PCr, phosphocreatine)©] -3l & ™Al ATP 7}
e &w2 34 ¥ oh(Boyer, 1999). ©] WSS F o} €l 7] LA (CK,

o
= %

i g

olo
ol

creatine kinase) 9] HWk-g-olglal 3t} A ¥EE CK wh
FTOZ MXo| ATPE T35 4 ATth(Boyer, 1999). CK HH-&-o 4|

ATP ¢} PCr 7te] #3k

o

0 2A nes Aygs 4
2J ThH(Wallimann, Wyss, Brdiczka, Nicolay, & Eppenberger, 1992).
PCr?~ + MgADP~ + H* & Cr + MgATP?~ [1]
CK
PCr — ATP [2]
o] WHg(A 1) 3tstA HFGEHE ol & clu A thAtel o &)

ATP 7} ADP ¢} Pi & #3l¥W, AN E X517 218 ATP 7}
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Ugurbil, 1997). CK &= ATP 9] 14HA3 o] &3tsw= ZpA ol w ¢
2% as =2 #-8-3tH(Chen, Zhu, Adriany, & Ugurbil, 1997). ATP

o7 oAl Aol CK whee] AuE HE A% k kS F

2007). =,k © E4 CK Y ZHEE YehllE Ax2EA, gy

1

ATP & it 2 AL il = A=A E et 277}
H tHDu, Zhu, Qiao, Zhang, & Chen, 2007).

kS 5743171 913l &3} 2 o](MT, magnetization transfer) S
o]- &3l Wl F 7FA7F 2AtH(Du et al., 2007; Lei, Ugurbil, & Chen,
2003): (1) 212 E 3149 (progressive saturation); (2) 4 AHAHEl
32 3} A (steady-state saturation). %14 E3FHFH 2 y-ATP(gamma-
ATP)e] A3 =}3}(longitudinal magnetization) S X 3}A]Z wf X3} 5
24 A1 7Hwindow) S 2 7R 2 T2 A sle], ZF AHEH| t]ald]

PCr 9] xo]2 =Asl= - ¥ ol th(Lei, Ugurbil, & Chen, 2003).

87 BE ZIPPH L y-ATP o] AlEA R X3} MF AeE U
PCr gko]l Hl=2 FHfslo] o ol &4 %= A JH
Ao FA4E k= A WH ol t(Lei, Ugurbil, & Chen, 2003).

B AT ggde AT WHe AHgetel kB Tatust
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o

319t} Bloch HHA A1-&
o] ti(Bloch, 1946). A 3 del L3HO = PCro| =o] e

Z43te] Bloch W4l BdsHH CK g SEYF kE TS

~
-



I o A8 AFE(Chenetal., 1997; Du et al., 2007; Jeong et al., 2011;
Lei et al., 2003)° A= =4 ¥ Bloch W32 S o] &35lo] k=

ARst Al o FA(A 8)e et gol xdE 4 vk

olm, ;= PCr o] o] kAR Mo y-ATP o] 23} && 54

(o]

YorS o PCr &S, M, y-ATP 7} 23} X5 N3 E AE woks

§

m ehds] grafEol A HE A8k PCre] Eol @

o

o] m] gkt}(Chen et al., 1997).



3. APA+

AA el A el ¥p o zgef diste] Be A7 FaE 1
AT NMR & #H 9 Z5(Houltetal., 1974)3} 721 <4(Barany,
Barany, Burt, Glonek, & Myers, 1975)0l 4 *p o] ~FEZZ 7] Z31H A
A&t Ao o] &5 7] Al AESITE ¥P-MRS & Al E9] A
Wil A ATP oA tiAbet B Atz Wats

H]

o

HHOoR AT ¢ 9JouT AAAT e QA AT

B\

2 g}s}t}(Jansen, Backes, Nicolay, & Kooi, 2006). >+ 21A]¢] oj#
Z|BH G A UYA AL kel Al dojubr] w ol (Fehm et al.,
2006), *'P-MRS &= ¥ U] WA A} Ao de] &g
2 THRoss et al., 1997).

A ATl A P-MRS & 2= Eg]o A L=
NUAHAR AL Fe ZHAAY FR H e A} A%
P 2o 2 ALg-Fl th(Jansen et al., 2006). 3, 7t B2 o] 3}8}%
o)52] Aol & o gate] olUA A BAH AEES FH/E
3}l (Gupta, Benovic, & Rose, 1978; lotti et al., 1996; Kauppinen,
Halmekyto, Alhonen, & Janne, 1992; Petroff et al., 1985), PCr 3} Pi 2]

shot4 o]% o] ZRE Fio] L EAF(HE 27

ik

P
T

_l

91 3L (Petroff et al., 1985), PCr 3} B-ATP ] 3184 o]F x}o] Z 3¢
nl ) ol & E =A< (pMe) S S AT 4= A th(lotti et al., 1996).
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IP-MRS AT FolA= MT & o] &3l A W ATP
NI hALe] W RS 23 ofe] ATAIE(E 1))
RIEQ) M EANA o] Fo1z] A5-(Brown, Ugurbil, & Shulman,
1977), 5 =2 47 (Bittl & Ingwall, 1985; Spencer, Balschi, Leigh, &
Ingwall, 1988; Ugurbil, 1985; Ugurbil, Petein, Maidan, Michurski, & From,
1986) % Alge] A]AH(P.A. Bottomley & Hardy, 1992)2 thAlo =
MT & o]&sto] AAARE ST A= AT =47
5ol A ATP ANUA AL S5 SAHT A% AATHBrindle,
Blackledge, Challiss, & Radda, 1989). <] | (Bresnen & Duong, 2014; Du,
Zhang, & Chen, 2012) == E7]¢] o] A 3pMT MRS =

Z8A)1 71 A= 2k E L th(Degani, Alger, Shulman, Petroff, & Prichard,

AUA A EEHS B7Fe AT AR S 2)S o AHAIF]
A Bz} gk},

Chen 5& PMTMRS & o] §3te] A28 AFo] Fol5e
¥ o U AL WstE ATk, A7 A (visual
cortex)ol A A1 ZF 2458 Fi= Ee CK WHeo) &7t A g

wf Bt} of 34%g = F7tete AiE 18kl tH(Chen etal., 1997).
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3}A) 7] PCr %t
gl A F3FS tH(Lei et al.,

191 t}(Chen et al., 1997).
Fel y-ATP

S

[e)
3}(progressive saturation) d ©]

1 ATP 7} PCr 3} Pi 2 3}y
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=

=
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E2 YPMTMRS & o] &3t A
AUA AL A FE FAsH7] 918 S pEsi s 1ea
oj2]d WP ES A&t AAl S Lo H W ANUA tAE
Hrlehe A4 7F B aiEITHDu et al., 2014; Forester et al., 2012).

IPMTMRS W 28 &83lo] A 97 o] 2} o] HFA

e LR oJUA AL B8] o= A= Sas BoF31em(Dy,

Cooper, Lukas, Cohen, & Ongur, 2013), &4 kx} 2] o x| A}
a0 A dx LEY FYrsHA BES gelstr]| = sFtH(Du
etal., 2014).

Atgre] HE e ® 3 PMTMRS olUA AL A 1
F7F wi-g- AARE S o] FolA A dvt ¥ ol A A sk
ANUA AL A7 R AAA ST AR gk Aol vk Ao
e A A, A FP-MRS = YdHom Aol Rjolt Wl
P g3 AEE BESHSHAQ oy A] thAbE 2 o] WSt
ol ool 8w ¢ o 1 (Bottomley, 1989; Cousins, 1995; Lim,
Hollingsworth, Thelwall, & Taylor, 2010; Valkovic et al., 2014), ©]<}

A ATE U

L.

R

dd o2 AYHTh ¥PMT MRS = ¥
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Table 1. Summary of in vivo *P magnetization transfer studies

Author Method Subject rate constant (SD) Results
(year)
Brown p NMR MT Escherichia coli rate constant of P;" to ATP We have determined the in vivo apparent
(2977) cells 0.6 (0.15) unimolecular exchange rates between Pi'™ and ATP.
. . Rates of ATP synthesis estimated from magnetization

Bittl 3p NMR MT Rat heart ki mcreas_ed from 0.27 t0 1.30 transfer were similar to values calculated from oxygen

(1985) according to rate pressure .
consumption.
Degani 31 . . ks: 0.53 (0.07) The results suggest that in the brain the forward and
(1987) PNMRMT Rabbit brain k:: 0.52 (0.04) reverse CK fluxes are equal.
Spencer ks : We present a method based on saturation transfer
(2988) ¥p NMR MT Rat heart 0.9 (0.08) experiment and reaction rates are obtained from the
0.92 (0.06) same magnetization transfer data.

Brindle 3p NMR MT Rat hind limb Not measured Increasmg the_stlmulatl_on pulse width or the frequency
(1989) muscle resulted in an increase in the flux.

14



Author

(year) Method Subject rate constant (SD) Results
MY gy MU Bmnoqz(i) [0 LN et e e o
(1992) and heart Heart ke 0.51 (0.15) pectroscopy, enabling satu :
measurements in conventional patient exam time.
Duetal. 31 . Relayed magnetization transfer effects through spin
(2012) PMT MRS Rat brain (5) Not measured diffusion were observed in the rat brain.
Bresnen 31p 4-angle Values of k¢ in Different isoflurane levels significantly alter the CK
(2014) saturation Rat brain (4) 1.2% isoflurane: 0.26 (0.02) reaction rate but not ATP and phosphocreatine
transfer, 2.0% isoflurane: 0.16 (0.02) concentrations.

Abbreviations: NMR, nuclear magnetic resonance; MT, magnetization transfer; MRS, magnetic resonance spectroscopy; ATP, adenosine
triphosphate; Pi, inorganic phosphorus; CK, creatine kinase; ki, creatine kinase forward reaction rate constant; k,, creatine kinase reverse reaction rate

constant.
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Table 2. Summary of human brain *'P magnetization transfer studies

Author Subject Participant
(year) Method RO (N) ks (SD) Results
Chen et al. p NMR MT human brain Healthy(5) Resting: 0.56(0.19) ks increased 34% in the visual cortex areas
(1997) Surface coil visual cortex y Stimulation: 0.76(0.29) during stimulation.
. a1 . The results agreed well with value calculated
Lei & Chen PMT MR.S h_u man brain Healthy(9) 0.17(0.04) the cerebral metabolic rate reported
(2003) Surface coil visual cortex .
previously.
The three-spin exchange model
Du et al. *p MT MRS human brain (PCreATP«Pi) accurately determines
(2007) Surface coil occipital lobe Healthy(40) 0.30(0.04) forward and reverse fluxes for both CK and
ATPase reactions.
a ke was 0.320+0.075(s™). These values are
Jeong et al. PMT MR_S human brain Healthy(10) 0.32(0.07) consistent with those obtained using earlier
(2011) Volume coil
methods.
Forester et al. 3P MT MRS human brain Bipolar(10) 0.19 (0.02) MT MRS technique observe a trend between
(2012) \Volume coil Healthy(8) 0.20 (0.02) group differences in the k¢ but not significant.
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Author

(year) Method ROI Subject(N) ks (SD) Results
. The kinetic network of PCr<»ATP«Pi can be
Du et al. p MT MRS human brain VOl
(2013) Surface coil frontal lobe Healthy(17) 0.29(0.04) T_ansured reliably in the human frontal lobe at
. 0 -
ueta.  EMTMRS o sz09) oatooy A @m0 wasly
(2014) \Volume coil frontal lobe Healthy(25) 0.27(0.06) g f

observed in SZ.

Abbreviations: ki, creatine kinase forward reaction rate constant; NMR, nuclear magnetic resonance; MT, magnetization transfer; MRS, magnetic
resonance spectroscopy; ATP, adenosine triphosphate; PCr, phosphocreatine; Pi, inorganic phosphorus; SZ, schizophrenia.
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7HsAS AARITE ol RE W ) AUATA AT g Fastn
AFE AL R, A4 APH T Qe AFE T 57 v Qo
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4 & YPMTMRS &S gylstes 3] Fastt)

aj) 2] ol = Siemens MRI system & $13F A o] sfExo] 37}
& ZFo] x| %k Philips MRI System ol A &= o}2] F5%9 X R EF 0|
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2. A71 893 A5

= x}7]&™ A8 3.0 Tesla Philips Achieva system(Philips Medical
Systems, Best, The Netherlands)ol 4] & 53}t ol ALEH ZdLS
3'p/"H dual tune volume head coil(RAPID Biomedical GmbH, Rimpar,
Germany)©] 21 t}. Philips console | 4] A}-& 7}5 3k
23 E ¢Jlo] 1 Spectroview (Philips Medical Systems, Best, The
Netherlands)& AH&3to] &5% G4d-S gelaith

Bgogel A9 XS A7) Sletel, 249 Ti-

gletu & AFE3FS T field of view(FOV) = 230 x 184 x 143(mm);
repetition time(TR) = shortest; echo time(TE) = 4.60(ms); flip angle =
80(deg); number of signal average(NSA) = 2.

CKRbS S E T3t7] A8l y-ATP o Axlol A
3 3} (pre-saturation) 7} F+-3|] ¥ MT MRS(31P_MT-Mz), X3} 31} 9|

S+ MRS(31P_MT_MO0), T1 o] €3 /3(31P_T1)°] & 50| & a3t}

o]& §3A = *PMRS o] A3} Ho] AHEG I T1 o] gk el A
2} 5= 1} 4=(offset frequency), 215 Zr(pulse angle),
E 321 & 2] & A ZHwindow), A 2HA] ZH(inversion time) ¥} 22 o] &

74 sheulEle] Aol WasT B AL AW ol
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50X 72.1 x40 mm 2.2 Y
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Figure 1. Volume of interest
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sagittal view

axial view
a9 1. ¥ g4 8 EA Philips console 3AA T1 ARG EAE #A9Y

W7l A4, FAES Tt £86A GRS 44,

ATYL FES FEI
sl wolt= uhge] 22 At AYIGE EAT A A% wghy
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2) A 23} JvEY 43 97

A% 1. A3 F34(offset frequency) 23

Ao M= y-ATP O] X3} HF A5 F0] A 7] A}
ATk y-ATP 2] 38}8h% o] 52 A& o= PCr 2] +2.5ppm ol A

1A 51 d) (Wu & Wasylishen, 1995), A& 2l 9] x]= 7]7]2] 54

We Henz BEA 398 Fol B A FHa Asud
W g TS Rohng sl

5 71 ¥3 A% 459 A7z R A5 7ol
Aow sdEete] o] BAHA GAY, FAHHE

4ol ol== ol AlFke] U wo] A ¢
el

A A} 35524 (SAR, specific absorption rate) @] Z7}= <1&}o] 2o

Aol AT = Ak B ATNNE A AF 4 2] 99
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0 5-E] 3000 Alololl 25 78 500 % F7FA|7]HA] WkEH o w

A9 3. 21544 2Hwindow) A7

NEAEARE T35 AF A5 A
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qow F

rr
>
ri
o

]
o] 1] gt} (Mierisova et al., 1998) A & d-ol] M2, E3}A] 7o)
AeE y-ATP 7} 5 2315o] PCr o] Eol7F A3 dolA| 7t

AN S E3P7F AE o] FolA™ 1§ o] Eo1EA ¥
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3. PMT MRS ¥ Ez} £4]

AAE Szt B @e187] e, B ATl A

3]
S|

I

& MRS ~#EGZRE Kk gh& Tl 719 AFEY

FJ

A3}l MT MRS =3 Etg £41317] $13ke] jMRUI

AZEYo] 37| A (jMURI; http://muri.uab.es/muri/)o] 21+ AMARES

o}
=

Rl

AIZHS 8E7] $18 4] MATLAB 2009b(Mathworks, Natick, MA,

USA)3 7 ol Al A 3-8} curve fitting tool < A}-8-3}31 T},
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~AEH Ho| zerofilling S atA Az FEHE 743sta
e S ol a7l Arh(Ebel, Dreher, & Leibfritz,

2006). ¥ Aol A= zerofilling S 2048 ©. &2 =] 2] 3} T}

o} 3z t}o] A o] A (apodization)

rlo
o|\
i
rlo
A
o\

st 1 9] 9

A TH(Ebel et al., 2006). = A7~ 4= apodize & 20 &= A5}t
9] A} 15 A (Phase correction)S =3 ~#Egte] 947 AHS
83

o) =
ol sk 4=

do

Bl

o

TE 2743} tH(Chase, 1982). 9141 A o] A

facs

zero order phase (deg) S F4d3sle] ~FET ] 7| Ho] TS
7lwow 4, o] Hx=F HA S}, Begin time(ms)E % 5o
ZF Aol 297 o] HEFE ASAIF A 2-sa FlEte]

174 5181 t}(Chase, 1982).
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Figure 2. Analysis of *P MT MRS spectrum in AMARES

MWWWWM «MJ‘J w\"‘%}‘\ W@MJ\WWW
b PCr

¢ il sl A, b g

1500 1000 500 0 500 1000 1500
Frequency (Hz)

¥ 2. jMRUI Z23% AdA MpMTMRS & EFH EA
122X E] PME, Pi, PDE, PCr, y-ATP, a-ATP, B-ATP ¢] 3}3}H4] 01 TS

dolzxl 2 EH; b) &F Fes A" F 74 a4 9y 2 c) AAE TF

2O,

H -

Abbreviations: PME, phosphomonoester; Pi, inorganic phosphate; PDE, phosphodiester; PCr,
phosphocreatine; ATP adenosine triphosphate.
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Mz(t) = Mz, eq* (1 — 2e_%) [4]

ol

ZE AR Aol st A3 gks MATLAB curve fitting
tool & FaA, A E0] ol F= Lzt §o] B (A 4ol 7HE

2 uk= T3S TR
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g%l Bloch "¢ 2(4 3)°ll thdsto] ks

5) pH ¢ pMg 9] &3

Eo]

Petroff ‘5ol AIA gk 2}(2] 5)ell PCr 3} Pi o] 3}3H4 o]
[$)

Z}ol & A g3lo] pH & 54 6 a1 (Petroff et al., 1985), Lotti

AARE #(# 6)°l PCr ot B-ATP €] stets] o] Aol &

2 8-31o] pMg S 57 31 th(lotti et al., 1996).
_ Pi shift=3.29
pH = 6.77 +log, (5.68—Pi shift) 2
B B (B—ATP shift+18.58)42
ng = 4.24 10g10 ((_15.74_ B—ATP Shift)0'84') [6]
2]
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A1 44 o5 24

y-ATP ¢] 3}8t% o]%Fo] o +2.5ppm oA A3 =], o=

rr

PCr& 7|0 ppm)o.= 3 AdiAl f)x|olt}. wepA, S35}
71710 whel AfAl F9rt g2 A4 YERhd) o] #he 2
Aol Al AFE3FH= MR Al2a®le] Fubdo] 2] 9]51o] y-ATP

Ao AAQ B3 ol BN Fohllo] FH FoE

o1, AV -ATP = A FoRTE -94H) D wle) el ghol
0055 o= 7hg & ¥t flon, ¥3F A57F flg wWo xo| gk

0.223 Xt} ¢F 25 HAE FFo =2 ZHAFEATHZH 3).
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Figure 3. Spectra derived from the images obtain with or without
saturation pulse

a)

4 a0 1

Spectra Results

Metab P

PCr

b)

g a0 a1 a2z

Spectro Results

Metab  Position SR, Width Height Fires Midth Height

PCr -0.048 ESY 0.245

28 3. Philips system &] spectroview oA y-ATP 7} ¥357] A, 3¢ 3tA

a) A ¥3} A37F Qe AFEHOR ¢ ATP Fo| ko] 0223 o2 el b). A
A s o] A FTE 94(HZ) D A A y-ATP 7F 35 o] 1 o] gho]
0.055 & & LtER,
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Yo, B sehnE s dgatA s A% 24S 1000 H-E

3000 7] 5004 WAZIWA S5, 7 APAA et
PCr o] ¥ol2 HIIL(E ST A zto] 55 1-ATP o £

Zk o] Fol- A PCr o Fol7l Wol e AS I = AU
%5 Zbo] 1000 ¥ W PCr 2] o]+ 10.69E° ] %11z, 1500 ol A]

8.576E, 2000 °| 4] 7.710E", 2500 ol A1 7.326E7, 3000 oIl 4 6.304E

*o R SAHEU x3palETt §ls We] PCr Eo|2HE 7hH

PCr3zole] H&S ZE Zho] 3000 Y wf oF 67 HAER 714 ol
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Table 3. The values of PCr height according to different pulse angles

Pulse angle (deg)

No . 1000 1500 2000 2500 3000

saturation
PCr (x10'5) 9.407 9.676 8.576 7.710 7.326 6.304
Reduced ratio - 1.03 0.91 0.82 0.78 0.67
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Table 4. The values of PCr height according to different windows

Window (Hz) No 2 1 0
(sec) saturation (0.5) (1) 4)
PCr (x107) 9.344 4,963 4.377 5.152
Case 1l
Reduction ratio - 0.53 0.47 0.55
PCr (x107°) 6.832 4,818 4,108 5.459
Case 2
Reduced ratio - 0.71 0.60 0.80
PCr (x107) 9.161 5.673 5.020 8.667
Case 3
Reduced ratio - 0.62 0.55 0.95
PCr (x107) 8.446 5.151 4.502 6.426
average
Reduced ratio - 0.62 0.54 0.77
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Figure 4. Reduction ratio of PCr height according to saturation window
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Table 5. The values of PCr height at each time point

Time point (ms) 200 700 1200 3000 3500
1 -5.428 -3.600 -1.606 3.604 4471
2 -5.789 -3.582 -2.611 4.188 4.407
3 -6.591 -3.030 -0.208 3.518 4.207
4 -5.643 -3.997 -1.669 7.416 4571
5 -4.441 -4.335 -2.130 5.389 6.298
6 -4.440 -3.321 -0.795 4.565 5.097
7 -6.955 -2.518 -1.886 5.714 7.460
Time point (Ms) 55 661 1464 2653 5000
8 -8.595 -4.329 -0.341 4.436 8.925
9 -7.186 -6.571 -1.030 1.391 6.459
10 -7.224 -5.079 -1.585 4.378 7.372
1 -8.666 -5.693 -1.433 3.692 4.522
12 -8.059 -3.962 -1.422 2.507 7.310
13 -5.928 -4.242 -5.787 2.122 6.311

* The values of PCr height in this table are represented in units of [x10~]
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Table 6. Final scan parameters applied in the study

Pre-saturation

Scan name FOV (mm) TR (ms) TE (ms) NSA Duration
Offset freq p ]
ulse angle Window
(Hz)

TIW_FFE 230 x 184 x 143 Shortest 4.60 i : : 2 (2él_gg)x3
31P_MT_MO 50 x 72.1 x 40 6000 0.1 - - - 64 6:36
31P_MT_Mz 50 x 72.1 x 40 6000 0.1 -94 3000 1 64 6:36

31P T1 50 x 72.1 x 40 8000 0.1 - - - 24 17:20
Time point: 55661 | 1464 | 2653 | 5000
Total scan time : 37:02

Abbreviations: FOV, field of view; TR, repetition time; TE, echo time; NSA, number of signal average

44



2.3PMT MRS A~¥Eg B4 Ax

ATFAR F 197 T, FebrE AA] gaAd Aol
Frolgh Abee 13 Wolqlth. AF-3oiate] QI+eHA A r el FY
A= 17 o 8oFFo] k. AT ARt H vole
TH25.92 Al (AR 1.9, B9 22.4-29.4)% 01, 4 o] FA] )
9] ofAo] EFHALE

AN gk e 0.63(EEAA 008) 0% UERET T1
o]t g el Al Bolzl 5] AlZE XM gt ~FE(LY 5)FE
A ste] PCr A F(E 7S A7 Atk B s T T
ol¢h 2 Z (¥ 6)F IHstaL, WA (A 4)l Bl T1 o]t
AZFe Ht g 3 Ay 048 (EFHAF 0.22) 0.7 e

CKyhg &% A ke #49] 2 0.28(E = A} 0.07)

o] oH pH = 7.04(E= A} 0.04), pMg = 4.46(F A2} 0.27) 0.2
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Figure 5. Analysis of T1 relaxation spectra

I T T T T T 1
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a9 5. jMRUI 9]A]  T1 o]gkegAte] B4

T1 o]gk 7oA 2k AZE Aol gt ZH2he] =¥ Ee}

a) t=55(ms)oll A ¢] = E = b) t=661(ms)°ll A &] 23 E A: ¢) 1464(ms)ol A 2]
2~ E ] d) t=2653(ms)ol A 2] =3 E & e) t=5000(ms)ol| A 2] =HNEF,

46 - Y
s A&t



Figure 6. T1 relaxation graph

T1 relaxation time

4
Mz(t) = Mz,eq « (1 —2e7T2) —
t
Mz(t) = 7.2E75 % (1 — 2e " zs00)
Inversion time
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¥ 6. Matlab ¢ curve fitting tool o] et T1 o]t 1=
T1 o]¢t el 5% A4 @S TEHEsa 7HF & g Y2 E 9y st
T1 oA Fe 7+ & 3l
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Table 7. Demographic information and k¢, pH, pMg values of the
participants

Subject Mz
Case number age m

n
@
x

T1(Y Ks pH pMg

1 F 2816 062 045 027 709 426
2 F 2237 058 043 031 702  4.06
3 F 2685 066 055 028  7.02 494
4 F 2575 057 047 035  7.09 452
5 F 2844 07 052 022 695 411
6 F 2567 063 049 029 706 457
7 F 2673 069 054 024 701 421
8 F 2417 054 042 036 701 435
9 M 2639 057 042 034 709 463
10 F 2944 066 051 026  7.05 487
11 M 2549 085 049 008 710 445
12 M 2573 064 048 027 707 430
13 M 2872 053 039 034 701 472
Average M4 2645 063 0.48 0.28 7.04 4.46
(SD) F:9 (187)  (0.08)  (0.05)  (0.07)  (0.04)  (0.27)
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kel
iy

1. 97283 29 3 2y g uF

UM AF AAF(E2) FollA Du 5 FAAA AFHelA
3 5 (surface coil) 2 P MT MRS & &adste] =43 k #tS
020(E =72t 0.02) 0.2 ¥ 159 ch(Du etal., 2013). & T}

Ao = AAN dx o AFHS £83UE PMTMRS =

e
o2
ol
ol
9
%
o
rot
=~
=
filo
(]
N
~

XA 0.06)0 2 H 15 tH(Du et
al., 2014). & ATolA == ke h2 A= 2ol dad

ez, A TrEZS S8 o Wl oyt 284S

BYsl 54T + 9eS FAsth B AT A
ZR2EF 9%t F FYAIZES 37 % 2 20|t} Jeong 5 ©] 3tesla <

MRI Al 2281 37 o A 7)ahst 22 e Fo] F FgA7to] 30 #old

"k of (Jeong et al., 2011). Du 52 4tesla &) NMR 23 3H7 of A,

i1t

AAde] 70 Fo = HAEJAHDuetal, 2013). AP A=
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etal., 2003). & AolA = 11 ¥ A3 2L E o] 0.85 &

S A=, o= PCro] 7] grel UF A SAHAA,
PCro] T3] A=A &%= 7FeAdel dnt. 1 2d3E &3l
AAH o= AT kgt T3] W2 72 082 FSAHEU
gy dA A FeiA 13 e A gk T 11 A-ollwt v

G foR SAHAonR TREF FR AFHAT ) HT

sl

BAGL A e PRoR FIAL AT &

N
jukes

wj Fof o]l g A}t VElGS 7HsAS A7 5t o)z

e

RS uesh] AAE o Be BRS YoR A7E

A THEthofer et al., 2003). 1822 ZHstaiz} sh= 3ol A

N3ge] =718 AAstoloF Bk Ek, B AT ZHY TL

rJ

olghAzke] ghe TL ol Qdeld H5F 2 Az A3
AGshe g Azl AYH F A 9 dstel 1
AR =S B WY 2AgEe TE ot 1d=E g%
93] 7] 9aM SAse A Age] ARE S

FoAzre] AUAA dolA7] wEe] 1 i s A@H ol
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2 ATE FHlAE HEE MR A=A ¥p 3dS

],

rr

Al

ko

=8

ofr
ki

E

ofr

olgate] ¥ W oUA A EAS AT
ool LxE 7]Ee AT (Duetal., 2014; Jeong et al., 2011) Foll =
Siemens MRI A] =] = NMR A ~Elo A *pMT MRS & o] &3}
H W olUA AL B S ERletaizt sk AleEo] AJAT, 7
A"tk 7] 7)o] e TR EFe] Aol gl Philips MRI
Alz='oll Ageh= A E7bsste] AR Aol ek
1= Philips MR A| =818 7]ko 2 sl Hx o ALt w3t
Z7)ol APE AR 3pMT MRS 75 (Chenetal., 1997; Duetal.,
2007; Lei etal., 2003)> WA US AREgH Ao whsf], 2 A4+

Hla A AR A7 dAs @Ash] diEl, 22 54 (voxel)

=

al., 2011).
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Abstract

Measurement of creatine kinase reaction
rate in cerebrum using 31-phosphorus
magnetization transfer approach in

magnetic resonance spectroscopy

Eun Ko
Interdisciplinary Program in Cognitive Science
College of Humanities

Seoul National University

Introduction: The synthesis and decomposition of adenosine triphosphate
(ATP) are essential processes for the energy metabolism of organisms. In
particular, the creatine kinase (CK) reaction rapidly synthesizes ATP and
enables stable energy metabolism. Recent studies have reported relationships
between brain energy metabolism and neurodegenerative and psychiatric
disorders, contributing to growing interest in the field. Thus, the current study
aimed to validate a noninvasive and direct methodology to evaluate the
efficiency of brain energy metabolism, by measuring the forward transition
rate constant (k;) of the CK reaction through phosphorus (*P) magnetization
transfer magnetic resonance spectroscopy (MT-MRS).
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Method: Using the steady-state saturation MT-MRS method, the k; values
from 19 participants were measured with a **P volume head coil in a Philips
magnetic resonance system. Among the participants, 6 participants
participated in an experiment to set up the protocols for pre-saturation
parameters. Subsequently, the 3P MT-MRS spectra were obtained from 13
participants by using the established protocols. The ks values were calculated
from the T1 relaxation time measured by using the inversion recovery of

phosphocreatine.

Results: The following parameters were set up in order to saturate the peak of
v-ATP (gamma-ATP): offset frequency = -94 Hz; pulse angle = 3000 degree;
window = 1 Hz; number of signal average (NSA) = 64. For the T1 relaxation
protocols, 5 time points including 55, 661, 1464, 2653, and 5000 milliseconds
were chosen. The total scanning time of the finally established protocol was

37 minutes and 2 seconds. The mean T1 relaxation time was 0.48(s™)

(standard deviation, SD=0.05). The mean k; was measured as 0.28 (SD = 0.07)
in the current study. The mean values of pH and pMg were 7.04 (SD=0.04)

and 4.46 (SD=0.27), respectively. As these values are consistent with those
from previous studies, the validity of the currently proposed novel protocol

has been affirmed.

Discussion: Using the new protocols set up in the current study, to obtain a

valid measure of k; in a relatively short period of time has become possible.
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The present study is the first South Korean study which has validated a
research methodology to study brain energy metabolites with a *'P volume
coil in an magnetic resonance system. The current results may constructively
contribute to the investigation of the cause of psychiatric disorders related to

energy metabolism and the assessment of treatment effectiveness in the future.

Key words: magnetic resonance spectroscopy, magnetization transfer, energy

metabolism, adenosine triphosphate, creatine kinase reaction
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