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PROPERTIES OF OTHER NUCLEI BEYOND "H

Isotope Spin I“ Natural ¥
abundance (10%rad - s—17T71)

'H 1/2 0.99985 267.522
‘H 1 0.00015 41.066

“C 0 0.989 -
13C 1/2 0.01108 67.283
N 1 0.9963 19.338
15N 1/2 0.0037 -27.126

) 0 0.99963 —
70 5/2 0.00037 -36.279
23Na 3/2 1 70.801
3p 1/2 1 108.394

natural abundance

© CIBM | Center for Biomedical Imaging

Low

i

‘en’rerfor Biomedical Imaging

m Metabolite levels

m Physiological parameters

m Kinetics in metabolic pathways
m Endogenous tracer (3'P MRS)

m Exogenous tracers (nuclei with low
natural abundance)
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31P MRS e!I.Bm
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v Energy metabolites v Nicotinamide adenine dinucleotide
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Zhu et al., PNAS, (2015)
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LOCALIZATION FOR 3'P MRS S

ciBm
| ¢

enter for Biomedical Imaging

Meta. References

PCr | 3.37-3.39 (6; 7)
Pi 3.19-3.70 (6; 7)
Ty [s] | »ATP | 1.27-1.70 (6; 7)
aATP | 1.26-1.35 (6; 7)
BATP | 1.02-1.13 (6; 7)

25% PCr | 132.0 + 12.8 (6)
=0 & - 1 T2 of H
. i 86 + 2 {-8-)

(D)

i - metabolites:
1 [m::.] ~ATP 26.1 + 9.6 {_ﬁ] 680-200ms
aATDP 20,8 + 6.6 (ﬁ]
SATP -
(A) ‘ . ‘ ‘ , Relaxation times of 31P metabolites at 7T
5 0 -5 -10 15 -20
f (ppm)

Comparison of four 31P single-voxel MRS sequences in the human brainat 9.4 T

I S | e e
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31P MRS e!I.Bm
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v' Energy metabolites v" Nicotinamide adenine dinucleotide v' ATP metabolism
= ATP (adenosine triphosphate) (NAD*/NADH)
= PCr (phosphocreatine) NAD as co-Enzyme NAD as co-Substrate
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Zhu et al., PNAS, (2015)
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WHY MEASURE ATP METABOLISM e!I.Bm

i

Iso-electric state H
I
!

EEG _ :‘ ‘w ‘Y

\ | '
\\ ' 1 Table 2. Results of *'P Magnetization Transfer Spectroscopy Measurements in the Human Frontal Lobe
\‘ 3 N of Patients With Schizophrenia (5Z) and Healthy Control (HC) Subjects
1,0-———-.- —————————————— .————.— Mean (SD)
SZ HC
g Variable (n =26) (n=26) P Value
o jzation ratio
é’ . Phosphocreatine to B-ATP 1.35(0.24) 1.36 (0.17) 71
% 0.8 - [ATP] Inorganic phosphate to B-ATP 0.44 (0.09) 0.42 (0.07) 47
' “Signaling” energy Phosphodiester to p-ATP 0.91 (0.19) 1.05 (0.19) 02
E Phosphomonoester to B-ATP 1.05 (0.14) 1.09 (0.16) .54
E Intracellular pH 7.00 (0.02) 7.03 (0.01) .007°
- 0.6 - ratio of phosnhacreatine® 050(01) 043 (007) 01
s s | Rate constant k; of creatine kinase, 5 0.21(0.07) 0.27 (0.06) .003
T | @ e e e Intrinsic longitudinal T; relaxation time of phosphocreatine, s 5.21(1.24) 5.03 (1.09) 67
g "House-keeping” energy Chemical exchange flux of creatine kinase, pmol/g/min 49.93 (21.95) 61.43 (16.08) .03
= Magnesium ion concentration, mmol/L 0.149 (0.026) 0.145 (0.027) .59
0.4 | T T T L}

0.45 0.55 0.65 0.75

Spectral Entropy Index of EEG (SEI) Du et al., JAMA Psychiatry (2014)

Zhu et al., Frontiers in Aging Neuroscience (2018)
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EPFL  ATP metabolism by 3P magnetization transfer 4
; ciBm
Satu ration transfer Center for Biomedical Imaging
//\\
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Saturation: equalize the population of energy state \ / \ /
PCr ki k.
PCr == y-ATP =P,
a k_, b k, ¢
dMa . (Ma - Mg)
g = T kM, + k_,M, [1a]
ATP dM, (M, — M)
Pi RE dt = - le - k_le - ksz + klMa + k—ch
l, [1b]
nd . (Mc - M(c))
g = T k_,M, + k,M, [1c]

.o

Niiiys iyt )

Du et al., MRM, (2007).



DYNAMIC X-NUCLEI MRS: METABOLIC FLUX

Blood vessel
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infusion labeled

substrate
(e.g.13C, 2H)
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Chemical Shift (ppm)

course

probe labeling time

mathematic modelling

(metabolic fluxes)



’H MRS — DYNAMIC METABOLIC STUDY
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*Glucose {dﬁﬁ] *Lactate Pre-infusion Smin 30min 60min 120min
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HO 0 D |
R I ! =
i'.]"-” y D-CH —C—C—OH 2
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i | 8 § 4 1 0l)s 6 4 ? 0| s 6 i 2 08 6 ' 1 0|8 6 4 2 "
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O COd .
H- :I- .0 b- {Ir -0 _ Acetyl-CoA
| | COoo
HO—C—c00- OF  jo € coo | 10 - 4
cl'u, * CH, I =V . = Brain Glucose (mM)
{IIH} Cltrate tl.‘l.'}d} TCA |EI:H_~ D“IﬂﬂmtﬂtE - 8 —Brain Glucose-Morphine (mM) 3
\ coo" % —Brain Glx (mM) 3
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Lu et al., JCBFM (2017)
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’H MRS — SIMPLE AND ROBUST

gain
m Short T, (30-60ms): broad resonances
— GIn+Glu, problem for Glu-GIn cycling flux
— Insensitive to B, inhomogeneity

m Low natural abundance: no water and fat

Short T, (100-400ms): fast averaging, sensitivity

suppression required

Isotope Spin I Natural
abundance
1 9 [
2H 1 0.00015
. - 0 0.989
FSC 172 0.01108 |
14N 1 0.9963
5N 19 0.0037 |
16O 0 0.99963
7O 5/2 0.00037]
23Na 3/2 1
PP 1/2 1|

© CIBM | Center for Biomedical Imaging

A water B

.

S

'en’rerfor Biomedical Imaging

bl

ciBm

x 500

8 6 4 2 0o 8 &
"H chemical shift (ppm)

H chemlc:al shift {ppm)

13C

Glu
L
GlMac T ac
é\ l é I 1'1 ' é ' 6 ' 80 60 40 20 0

?H chemical shift (ppm)

De Feyter et al., JMR (2021)

13C chemical shift (ppm)
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3D 2H MRS e!.’sm

3D 'H MRI + 3D ?H MRSI 3D glucose DMI 3D Glx DMI

Water

Glucose
Glx

O NN T 1.5 O NN "m0
Glucose (mM) Glx (mM)

3D FID-MRSI data set: 20 x 20 x 20 mm?3 nominal spatial resolution, TR = 333ms, 29min,
acquired between 65 and 90 min after oral [6,6'-?H,]glucose administration.

De Feyter et al, Sci. Adv. (2018).

© CIBM | Center for Biomedical Imaging
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2H MRS APPLICATION IN BRAIN TUMOR S

A Oxidative Anaerobic B Anaerobic glycolysis/

G | C phosphorylation glycolysis Warburg effect
G Ix (32-34 ATP molecules) (2 ATP molecules) (4 ATP molecules)

Focga
@ Glucose w Glucose ‘ .gf!) Glucose

/

Glucose
¢
Wa ter Pyruvate
K

Acetyl-CoA  Lactate

SWI

Lac

)

Glucose

l

Pyruvate

®

{
Glucose

o

Pyruvate

»
Acetyl-CoA

2

2H chemical shift m
lactate/Glx PRI

De Feyter et al, Sci. Adv. (2018).
Unterlass JE, Curtin NJ.(2019)
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13C MRS - DYNAMIC METABOLIC STUDY

2H MRS

Water

Glucose
Glx

6 4 2 0
2H chemical shift (ppm)
CMR Gle
VTCA
CMRLAC
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13C MRS Glu-C4
Gle-Co Glu-C3
Iu-C2 i
P G;UC GABA-C2 | GIn-C3
o 3 ./ GABA-C3
Glo-C1 s ADC3 once |
B ;i\sp-CZ NAACI: || J{ "/ LacC3
o Ins I GABA-(:‘J, | ‘ﬁ ./ ANaC3
WIwamL ettt penconed j'.-n.-.m-mﬂ l'h’l'r PRI PSP ROY | W W"J MMLﬂma][ WNJMMW.JM
100 90 80 70 60 50 40 30 ppm
@ Glucose
CMRR VHV « Abundant metabolic information
Pyruvate . o
| « Complexity in acquisition

Vee ACCOA i,

GABA L alu

Vepn V, GABA V.8 V.4V VppH nglu
Vg OPBA OAA +—— Asp Asp «—— OAA e OAA «— Asp
shunt

V., glu
oG V., GABA Venund® ¢ oG 0G e

shunt
\/, GABA u
+V, hx lGABAl[VxGAEA ng]i Y€+VP§ I
S shunt
V, GABA VNTGABA VNTqu
Glu —— GABA »GABA Glu « Glu
T ‘o T
V., GABA \/, gl
Gin « = Gin_ - » GIn

Vefﬂuxl Vexs‘,GIn
Duarte & Gruetter J Neurochem (2013).

GABAergic neuron  Glia Glutamatergic neuron
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13C MRS - DIFFERENT SUBTRATES e!I.Bm

:Glu C4 ‘Glu C3
Glu G2 Gluc#3 :
GInC2 ?ﬁ?ﬁ
1AspC2 NAA C3 : I'ancs iancs

' 1 GluC34
W :-:,J"

[1-"*CJ-glucose

[3-"°C]-lactate

[2-"°C]-acetate

I L | LI | ] L] T LI | I T T LI | I LI | LI | I LI | I ;l I L] LI I ;I T LI | I T T LI | I
60 55 50 45 40 : 35 30: 25 20

oopm e rrranenrrrannnn :
© CIBM | Center for Biomedical Imaging |aSt 18 mln Of a 2-h0Ur [1'13C] g|UCOSe, [3'13C] |aCtate Or [2'13C] aCetate InfUS|On



SENSITIVITY ENHANCEMENT ‘!n’sm

,Y (1H) ~ 4 ,y (13C) ‘enTerforBiomedical Imaging

= Decoupling high y y

= NOE: Nuclear Overhauser Enhancement
= Polarization transfer ( x 4) Low y #

= Heteronuclear editing (Indirect detection "H-['3C], x 16 )

Mo = N & g
)
¢

high v, 10° larger

= Hyperpolarization (DNP, x 10000

Low y
© CIBM | Center for Biomedical Imaging



DECOUPLING

m Why decoupling?

© CIBM | Center for Biomedical Imaging
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simplify spectra and enhance SNR

Glu-C4
™

ﬁlc-ﬁ(_'*;‘r Glu-C2
GleC6 ™™ " GInC2
: Gin-C3

undecoupled

A2
gspt-

Glu-C4

decoupled

i L L L
10 6l 5 40 30 20 I
PPM

Deelchand, et al, Magn Reson Med, 55,2006



HOW TO DO DECOUPLING? e!ﬂam _

RF
gpe ACQ H\ H | l YxBy =0
RF(*C) 13¢ — 1 | | | TxB2=%mJ
YyBoy=1J
Jen Jen | L ™
RF(1H)
. Y x8, >2nJ
Decoupling
VA+’/'5JAX Va vA—%JAX
13¢ 1H

Harris, R.K (1986), Nuclear Magnetic
© CIBM | Center for Biomedical Imaging Resonance Spectroscopy 17



DECOUPLING SCHEMES &

9(Q° ACQ ‘en’rerfor Biomedical Imaging

m Continuous wave (narrow band, on resonance decoupling)  RF(33C) I

m Increase decoupling bandwidth RF(*H) M"T"m
— ‘spin-flip’ decoupling Decoupling
Glu-C4
Gle-C6
NAA Glu-C3
{Cr+GABA B G!U-C? GABA-C2 G_ln-C?;
e Gle-C1 A e ASpCS et Gﬁ:gﬁ
M p | AsP-C2  NAaC3+ | / LacC3
o s GABAC4 | Vo Aacs
IIIIIIIIIII ; JL s *1 ey PWWWMMN Ijmmqu.ﬂ I’h’l\- : MAWM e me«f MMW
) 40 35 30 25 20 15 10 R 100 90 80 70 60 50 40 30 ppm R
Af=1200Hz Af = 7500Hz

7T

Freeman et al , NMR Biomed, 10, (1997)
18
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DECOUPLING SCHEMES

m Composite pulses

— MLEV (Modulated Low-power Evolution): 90°(x) 180° (y) 90° (x)

— WALTZ: 90° (x) 180° (-x) 270° (x) = 123

© CIBM | Center for Biomedical Imaging

£B/B,
resonance offset

WALTZ
MLEV
180° (x)

i
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Levitt et al., J. Magn. Reson. 33, 1979.
Shaka et al , J Magn Reson, 52,1983.

23



DECOUPLING: BW VS SPECIFIC ABSORPTION RATE h‘!.’sm

m Efficient decoupling: the desired decoupling
bandwidth with the lowest possible RF power

Decoupling
performance SAR
(BW) deposition
— (B,)

—=

IEC (International Electrotechnical Commission):
3.2 W/kg (head) or 10 W/kg (body, over any 10g)

© CIBM | Center for Biomedical Imaging De graaf, Magn Reson Med, 53} 2005.

3.0
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")

(BW/B,,,

1.0

0.0 4
0.0

WALTZ-16
By = 0.90 kHz

Bums = 0.90 KHz

AFPST1, R=10
Bynax = 3.00 kHz

b
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WALTZ-16

MLEV-16

CW (x 20)

1.0

2.0

B, (kHz)

decor

3.0

upling

il

no decoupling
+—

-10

|

i

decou

0

10 Frequency (kHz)

pling

no decoupling

i

0

I 10 Frequency (kHz)
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Nuclear overhauser enhancement (NOE) e!ﬁ,m

enter for Biomedical Imaging

m Albert Overhauser (1953)
m spin polarization transfer through dipolar cross-relaxation

m equilibrium magnetization of a given nucleus changes via RF irradiation of neighboring
nuclei (induced by relaxation mechanism)

90c ACQ GluCl

GluC5 ||
0 “ GInCs \ .G|)Jc1
| | I|l| ..I'II|| I'|J|n"| N O E

/| .f

|
| An
Mf‘m“"#ﬁw." I NWIWJ ’

) 185 180 175 170 ppm
O Na*

7Hz  Dipole- dipole
interaction
H through space
| Lietal., MRM, 75:954-961, 2016

O—HNCRF Sailasuta et al., J Magn Reson. 195: 219-225. 2008

Dipole- dipole
interaction

through space
© CIBM | Center for Biomedical Imagi



NOE FOR TWO-SPIN SYSTEM: I (13C), S(H) -

‘en’rerfor Biomedical Imaging

one-spin RF \ two-spin
W
B 1111 / RF irradiation on 'H —»
0 P changes equilibrium
t af magnetization (population
difference) of 13C
1 |

Q

v Relaxation is caused by random fluctuating magnetic fields due to the thermal motion of the
molecules
v The fluctuating field induces transitions between the spin energy states

Transition probability W: probabilities/time that spins will change energy states (transition)
« W1: single quantum transition (flip of only one spin)

» WO: zero quantum transition (simultaneous flip of both spins in the opposite direction)
« W2: double quantum transition (simultaneous flip of both spins in the same direction)

© CIBM | Center for Biomedical Imaging 26




SUMMARY FOR NOE

RF\\

© CIBM | Center for Biomedical Imaging
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An RF irradiation — saturation for one spin
Mechanism: relaxation

The enhancement depends on the contribution
of relaxation mechanisms and molecules (e.qg.
the distance between spins)

— Wa2: positive enhancement , W0: negative enhancement

Experimental determination for NOE factor in
vivo and in vitro

— 31P-1H:1.4-1.8

13C-H: 1.3-2.9

31



POLARIZATION TRANSFER (INEPT AND DEPT) ‘m.gm

'en’rerfor Biomedical Imaging
I1/4J I1/4J I
INEPT

180° m INEPT: Insensitive Nuclei Enhanced by Polarization

e I”‘”C l Transfer

m DEPT: Distortionless Enhancement by Polarization
I Decoupling Tr'anSfel’

Refocused I
1/4]¢ 1/4)cy
INEPT

13C

180°
i1

m Polarization is transferred from a high y nucleus to a low
v nucleus through J-coupling

Decoupling

s Iw |

180°

13
¢ I 12 I 123 /\

m Enhancement by a factor of 4 (y,4/v13c)

DEPT

© CIBM | Center for Biomedical Imaging
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NMR: The Toolkit

P.J. Hore, J A.Jones and
S.Wimper

INEPT

INEPT m

90°,

90°,  180°
I1/4J(~HI1/4JCH

90°%

0° 180°  90°,  180°

X

Refocused I I I I Decoupling
1/4)ch 1/4)cy
INEPT
180°
e I1/4JCHI I /\
Decoupling
I1/2JC,,I1/2JCHI
DEPT

13C
123 I 123 /\

i

© CIBM | Center for Biomedical Imaging

L.S.
I.1,.S,.S,

21,S.. 21,8;, 2S,1.. 2S, 1.
21,S,, 21,8, 2L,S,. 21, S,

z magnetization(population difference)

in-phase magnetization in the x"— y" plane
antiphase magnetization in the x" -y’ plane

zero-and double-quantum coherences (not observable)

a=4b (Y1y-4Y13c)

CH

Decoupling
Enhancement
lost

P.J. Hore, J.A.Jones, and S.Wimperis. NMR: The Toolkit. OUP Oxford, 2000

33




refocused INEPT AND DEPT em.sm

I,.S; z magnetization(population difference)
I..1,,S,. S, in-phase magnetization in the x"— y" plane
2I,S;, 21,S;, 2S,I;, 2SI, antiphase magnetization in the x" — y" plane
21,S,,21,S,.21,S,,21,S, zero-and double-quantum coherences (not observable)
a=4b (Y1p-4Y13c)
RefOCUSGd 1|_| I1/4J l1/4J I X I X Decoupllng A 1I4J 1/2J 3I4J
INEPT ‘- ] CH  Ssin(JA) 0.707| 1 0.707
180° 180°
e I I CH,  2S;sin(nJA)cos(nJA) 1 0 -1
1/4)cy
LAV%%» CH, 3Ssin(tJA)cos2(na) | 1.061] 0 1.061
. 180°
Decoupling
Ilmwlmwl - : w | oo 135
DEPT 150° CH  Sgsinp 0.707| 1 0.707
S Il/2JCHI 1/2JCH/\ CH, 2S;sinfcosp 1 0 -1
\/VVV CH, 3SsinBcos?p | 1.061] 0 1.061

© CIBM | Center for Biomedical Imaging P.J. Hore, J.A.Jones, and S.Wimperis. NMR: The Toolkit. OUP Oxford, 2000 3,



PT+'H LOCALIZATION

= 1H localization with PT: long T, metabolites
* Localization with 'H magnetization: CSDE !

90°(x) 180°(x) 6 (ty) WALTZ-16
T
13¢ K n K A Acq(+x)
U L MW""”““‘
90°(x) 180°(x)
iy |3D-IsIS| 907 180% 457 WAL TZ-16
- +
OVS NF e 1:.
18C
Spoil A A A

Henry et al., ., Magn Reson Med , 50:684-692 (2003)

© CIBM | Center for Biomedical Imaging

tCr+GABA

i

‘en’rerfor Biomedical Imaging

NAA

Ace
0 _Ax M
CSDE (%): — =
x BW L L A B B
40 35 30 25 20 15 10
Af=1200Hz
Glu-C4
Glc-C6
B GluC2 N
GABA-C2 . GIn-C3
3 ./ GABA-C3
Gl i G'” C2 Asp-C? '|GinC4 7 NAACE
AspCZ - NAAC3 1| ‘{ / LacC3
o s I GABA—CI4 }} ‘h T AeC
mw-.l ¢|-'MMMMWWWMM»JW jm&mm,ﬂ .Ml'r oAb ) oo whjwllmma‘l[ WMJMM\M-»JM
90 80 70 60 50 40 30 ppm
Af=7500Hz



P\ N

Heteronuclear editing (Indirect detection) H o

2-"C

Detect H resonances bound to 13C

Higher sensitivity X 16 (y;,-4Y13c) M, =

T T T T T T 1
2.2 2.0 1.8 1.6
ppm

Direct measurement of fractional enrichment [FE=13C/(13C+12C)]

Heteronuclear editing: J-difference editing

limitation: narrow spectral resolution in H

© CIBM | Center for Biomedical Imaging 36



J-DIFFERENCE EDITING

Proton-Observed Carbon-Edited Spectroscopy (POCE)

90°, 180°
1/2J.,, 124, A
1
H AAAAA
VAR
180°(on/off)
Decoupling
© |

Jc4=120-140Hz
TE=7-8ms

© CIBM | Center for Biomedical Imaging
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A 180 (13 ) off

T 180 (13C) on

J \ difference

difference
+

1.7 1.6 decoupling
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COMPARISON OF DIRECT AND INDIRECT °C MRS .‘!I’Bm

VOI = 320yl

% <« Glc C6f
=~ ™ Glc Céo.
Ser C3

GInC3
Glucal | g |Ae 2
-
2 ©
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High sensitivity (high temporal and spatial
resolution)

total metabolite concentrations (13C+12C)

Limited spectral resolution-> limited metabolic
info

High spectral resolution-> large metabolic info

Low sensitivity (limited temporal and spatial
resolution)

Additional measurement for metabolite
concentration

Xin et al. Magn Reson Med 64,2010. Durate et al., J. Neurochem.126,2013s
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HYPERPOLARIZED 3C MRS

microwaves

Spin polarization vs. temp
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I hyperpolarisation Q
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hyperpolarized 13C urea
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S E polarization transfers between electrons and
D_ 1 .
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] electron-nuclear cross-relaxation and/or spin- .
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state mixing among electrons and nuclei.
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Carver et al., Phys. Rev. (1953) Ardenkjzer-Larsen et al., PNAS (2003)

» loss of the polarization back to thermal equilibrium
= short measurement window limited by T,
= a compound with long T1 is favorable for DNP experiments

LB
Body temp ~3V0NK

T T 5 \ ’

180 160 140 120 100 > Preparation > Transfer / Infusion \/ Acquisition >

*C chemical shift (ppm) ! , I / / : /
FAST process: minimize loss of polarization

© CIBM | Center for Biomedical Imaging Mishkovsky et a|" Sci. Rep. (2017) Courtesy of M. Mishkovsky 39



HP 13C MRS APPLICATION IN PROSTATE CANCER egn'sm

Hyperpolarized [1-'3C]Pyruvate

T, image + RH spectral grid

Axial T, image T, image + LH spectral grid

m H RH array
B iy
| \

prostate cancer: '"H MRS
reduced citrate and
elevated choline/citrate

HP 13C could detect affected areas that

are negative in MRI images and 'H MRSI.

© CIBM | Center for Biomedical Imaging Nelson et aI, Science Translational Medicine, (201 3) 40



SUMMARY .‘gl’sm
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m Multinuclear MRS ('H, 2H, 13C, 3P, 170 etc): a valuable tool to study brain metabolism
— metabolite levels
— chemical reaction rates
— kinetics in metabolic pathway (e.g. CMR glc, TCA cycle and neurotransmitter cycling fluxes)

Glucose
. . . . ood vesse O,
m Challenges in clinical implementation onrs oo
— low sensitivity, limited spatial resolution ~ spyrs =~ > -‘-‘,TE’%‘\}"X% P Jhthun
— long scanning time n/ Giycerol pymate.%_» Lactate O MRS
] . ) NADH  NAD* HC) -
— stringent RF deposition regulations v oyt @) Y
Acetyl CoA 13- 114 211 MRS v A
. 5, TR ") P MRS
Malate —y
D A:z:l;tt?ete C Glutaimate Pi HATE’;G—»PCI’
Glutamine CompI:tTEﬂ Mg "
P MRS - CoQ (red) >
~ JRTP - Mitochondria

J ¥
Cell
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