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IN VIVO STUDIES OF BRAIN ACTIVITY e!:gm

« Electromagnetic activity (action potential):
— Electroencephalography (EEG)
— Magnetoencephalography (MEG)

« Oxygen demand and hemodynamic response
(oxy/deoxyhemoglobin)

— Functional magnetic resonance imaging (fMRI)

« Energy metabolism (use of plasma energy substrates)
— Dynamic magnetic resonance spectroscopy:.

 'H MRS (fMRS) without tracer injection
« 13C MRS with tracer injection
« 15N MRS with tracer injection
« 3P MRS without tracer injection

— Radionuclides emission tomography (PET, SPECT)

© CIBM | Center for Biomedical Imaging CIBM.CH



WHAT CAN WE MEASURE WITH MRS ? -‘gl'sm

. . '[emerfor Biomedical Imaging
In vivo magnetic resonance spectroscopy (MRS)
gives extended chemical information on the compounds involved
In brain metabolism and biochemical processes
%
3 2 |NaAa
1H MRS spectrum: s %1‘ Ins — 2 averages pumol/g/min

Measures total concentrations of
more than 20 compounds at high field
(static acquisition in one voxel)

Glu, GIn, GSH, Asc
—_—Glu, GIn, GSH

GPC, Pcho, PE

PCr
'Cr, Asp
Tau

GABA, NAAG

—Lac

Extend spatial information:

Courtesy of D Simicic, C Cudalbu

Magnetic resonance spectroscopic imaging (MRSI) It is an equilibrium information on the compounds
Does not carry information on their interaction

Extend temporal information:

Dynamic magnetic resonance spectroscopy (typically X-nuclei),
to measure metabolic fluxes / reactions

© CIBM | Center for Biomedical Imaging CiIBM.CH



UNDERLYING BIOCHEMICAL MECHANISMS ? e!..gm

BIOCHEMICAL
PATHWAYS

GERHARD MICHAL, EDITOR o) Roche Applied Scieuce
THIRD EDITION - PART 1
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UNDERLYING BIOCHEMICAL MECHANISMS ?

TCA cycle:
(or Krebs cycle)

Main oxidative reaction chain
producing ATP for the
various cellular needs In

energy.

© CIBM | Center for Biomedical Imaging
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BRAIN ENERGY METABOLISM: <
UNDERLYING BIOCHEMICAL MECHANISMS ? ec'B’“

Blood vessel

Astrocyte

ATP

Neuron

Co,

Synapse

© CIBM | Center for Biomedical Imaging CiIBM.CH



BIOCHEMICAL MOTIVATIONS e!I'Bm

Network:
Glucose . Glucose Glucose-6P
oO-O0O000 ——p COOOO0O0 » OO-O-O000O €&—» Glycogen [En ergy storage
Transport Phosphorylation
. lGlyconsis
. Pyruvate
- : . .
: OO0 <> latate  Ngn-oxidative metabolism
. lPDH
Acetate . Acetate Acetyl-CoA
020 - » OO » OO
Tran_sport
u PC
- TCA . .
- L | 4— Glutamate/Glutamine  Neurotransmission
- Oxidative cycle <4———> GABA
' metabolism
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MAIN BIOCHEMICAL PATHWAYS "'

A'ciem
I N B RAI N E N E RGY M ETABO L I S M '[emerforBiDmEdi[al Imaging
Blood BBB Brain Tissue
.
= FDG-PET, 2H MRS 56 VRS
Glucose . Glucose Glucose-6P
OO0 00 ——p OOO0000 » O-O-OO0O00 <« » Glycogen
Transport Phosphorylation
a lGcholysis
. 13C MRS, H fMRS
o Pyruvate
- (05050 < P Lactate
|
" UC.PET, 13C MRS lPDH
Acetate . Acetate Acetyl-CoA
@20 = » OO » OO
Transport 13C MRS, 2H MRS
. PC Glutamate Glutamine
TCA
- ATP < ADP cycle
= 31p MRS 15N MRS
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OVERVIEW 13C MRS IN VIVO s

§
P

The Carbon nucleus

m Spin|=1/2

m Natural abundance @

-
9.4T/ 14.1T magnef,

=

98.9 % 1.1 %
m Low sensitivity
v(3C) = 10.7 MHz/T (v(*H) = 42.6 MHz/T)
Polarization
M Wg
""" Chemical -‘éi
bond

© CIBM | Center for Biomedical Imaging CiIBM.CH



13C MRS

Separate detection of carbon positions

© CIBM | Center for Biomedical Imaging

Carbon
positions

CS
C4
C3
C2
C1

eele)

GHa

I
HC—H
HC—NH,

I
COO

Glutamate

Glutamine

o

' Center for Biomedical Imaging

ciBM.CH
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13
'[emerfur Biomedical Imaging
Separate detection of carbon positions
Carbon
Large chemical shift: positions
+  Good spectral resolution C5 ?OO-
: C4 CH:
+  Flat baseline |
C3 HC—H
- Large chemical shift artefacts C2 H(':—NH )
c2 C4  C3 C1 CoO
A A " Glutamate
0 & e 5 s a5 a0 3 30 3 2 15 10 ppm
Methine groups Methylene groups

- Carboxyl / amide groups (C5 and C1) (170-185 ppm)

© CIBM | Center for Biomedical Imaging
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13C MRS

Detection of multiple 13C labelling

=

| g

Glutamate C4 resonance C3 resonance C2 resonance Glutamate C4 resonance C3 resonance C2 resonance
Goo coo-
H?HZ cerZ
H?—H H3C=—H
[ef0]0 (!,oo'
?00’ C00-
WJCHZ cl:HZ
HAG—H HG—H
COO” éOO’
('300' [ofele}
”?Hz éH2
HE=H HE—H
H”(;,—NHZ H”é—NHz " ‘\
[ofele} w%oo*
§oo coo-
‘3CH2 éHZ
H*C—H H"*C—H
|
o || A || I I
|
[efo]o N A A waéoo- ‘k A A A
?oo- (ole]o]y
1
(|:H2 BCH,
H“‘(ID—H H*C=H
H(;,—NHZ H‘J?_NHZ
[ele]en 200" _A_LLL
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13C MRS NMR SIGNAL STRENGTH -‘c|'3m

'[emerfor Biomedical Imaging
1
* Zeeman energy: Ve = 2 VH
14
LLLL B 13
R (:
n AE = y,Byh R :
B ~ ru®o AMAAAAA b a AE =YcBoh
FTT 11111
MAIMMAIMAML v O
FT1Trrnrni
. ) nhyB
Boltzmann distribution: (n, —ng) = ( ZZT())

* Amplitude of the magnetization: M, = (n, — nﬁ)uz = (ng — nﬁ) V%

 Total magnetization: M, = n3(yh)? (sz) oxy?

M0(13C) — 16MO(1H)
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THEORETICAL GAIN IN SNR

o

‘emerfnr Biomedical Imaging

Polarization
transfer

Carbon editing

—

Chemical
bond

Chemical
bond

Polarization

AE < y

Magnetic moment
Uy XY
Detection sensitivity

emf X freq.«<y
Noise oc y 1/2

Overall SNR

1H-[13C]MRS Polarization transfer 13C MRS
lH 1H
1H 13C
1H 13C
5/2 3/2
X YH (32x) X Yy VYc (4x)

© CIBM | Center for Biomedical Imaging

(neglecting T1 saturation effects)
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13C MRS ACQUISITION STRATEGIES e!?gm

M Carbon editing

Indirect 13C detection

Chemical

m Indirect tH-[*3C] localized MRS detection bond

— High sensitivity of *H detection
(of advantage for higher temporal resolution / lower enrichment studies)
-> lower chemical shift range

SPECIAL

E Acetate
o : 180°
C-editing Block {, . o

: EL o e o
frmmmmmmmmmmemeny .; ) : AFP

90 i ACQ (°C channel)
OFF

Indirect 1*C MRS spectroscopy: = e —
([2-13C] Ace infusion) ey | 9007 ﬂ ﬁﬂTFrﬂg o
BISEP-SPECIAL HH[SCIMRS (at 14T) | - | "7 - [
. ovs A\ [N ﬂ - M
Gz —| N J | ———————  Xin et al., MRM, 2010
a b o el : b Chemical Shift (ppm)
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13C MRS ACQUISITION STRATEGIES e!?gm

Direct 13C detection

m Direct 13C localized MRS detection with polarization transfer

Polarization
transfer

— Higher chemical shift range of 13C spectra
(many carbon resonances measurable)

-> labelling positions clearly dissociable

Chemical
bond

. o | 0 180 45 wairz1e
Localized DEPT: T - _[ 1

i
ovs
aerzn |\;|y gg glg segmented 0° BIR-4

nC HO-G— Glu-C4
T, 1 ¥ Acquisition

—~—

with T = 1/2),
Glc-C6
Glu-C2

13C MRS spectrum: cABA.C2| GINC4

([1,6-13C] Glc infusion Gin-C2  GABA-C4 pqn 3 GIn-C3 NAA-C6
rat, 9.4T, 320 pl, last 50 min) — + NAA-C3 \ "
}sp-cz —

Glu-C3

— Lac-C3

M

I T O e T T T T O T I T T I T T T I Y T B |
© CIBM | Center for Biomedical Imaging 70 65 60 55 50 45 40 35 30 25 20 15 10 ppmC | B M . CH




o

MISSING INTERNAL REFERENCE pCiBM

'H MRS : water signal

- Frequency reference
- Power calibration

- Concentration reference

© CIBM | Center for Biomedical Imaging CiIBM.CH



o

MISSING INTERNAL REFERENCE gCBem

13C MRS : no carbon in water

- No frequency reference
- No reference for power calibration

- No concentration reference

© CIBM | Center for Biomedical Imaging CIBM.CH
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13C-FORMIC ACID CALIBRATION Sciem

[ |
S —
| / L
| |
| A7
[ ]
Formic acid-"C
95 wt. % in H;0, 99 atom % 13¢C
T, relaxation: 13C spectrum
Reduced from ~6 to 0.5 second with Gd contrast agent
(Dotarem) 220 Hz

1

1 <>

T1,0ps - Ty +r1[CA] L L

with [CA] the concentration of contrast agent. o~ _jﬂ; L JLL JL Jw ,L ».,l Ny
‘”- {T Time (s) I

© CIBM | Center for Biomedical Imaging R. van Heeswijk et a|_’ MRM 2007 cCiIBM.CH
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BRAIN METABOLIC MODELLING e!I'Bm

Metabolic modelling Is a two-step process.

1. The metabolic system is formalized as a schematic,

taking into account the current physiological and biochemical knowledge on the biological system.

It is adapted to the available information, since part of the system is not measurable or not relevant

for the measured processes.

— set of mathematical equations

Feedback

2. The model is used to estimate the metabolic parameters involved in the studied metabolic process

by fitting it to the experimental data.

o appropriateness of the model
o parameter values describing the current data
o  precision of these estimations.

© CIBM | Center for Biomedical Imaging ciBM.CH



TRACER / TRACEE h‘!?sm

'Eemerfur Biomedical Imaging

m The study of brain metabolism with dynamic labelling studies is intrinsically linked
with the use of a particular tracer.

Definitions: A tracer is defined as an isotope-labelled and detectable molecule,
used to follow the fate of unlabelled chemical species that it is transformed into through
metabolism.

The tracee is the corresponding unlabelled species,
whose dynamics is of interest in the analysed metabolic process.

m The chemical structure of the tracer is commonly close to the chemical structure
of the tracee (identical in the case of 13C MRS)

FDG / glucose [1,6-13C]glucose / glucose  [2-13Clacetate / acetate

© CIBM | Center for Biomedical Imaging ciBM.CH



TRACER / TRACEE e!I'Bm

Characteristics of the ideal tracer :

1. It should be detectable by the applied bioimaging measurement technique and should be measurable
quantitatively as a concentration (mol of tracer/ g) or as a fractional enrichment (Jamount of tracer] /
[amount of tracer and tracee])

Its introduction should minimally affect the biochemical system that is studied

Ilts metabolism should be identical to the metabolism of the tracee

When entering a metabolic pool, it should mix uniformly and instantly throughout

a ~ W D

The natural abundance of the tracer should be very low, to avoid additional measurement errors due to
background contamination

6. It should provide chemical specificity, in the sense that the detection system should be able to determine in
which molecule and in which position in this molecule the labelled isotope is located

7. It should be safe for the experimentalist and for the subject and should be detectable in the tissue in a non-
destructive way

8. It should enable a site-specific detection, meaning that the researcher should be able to measure the
uptake and metabolism of the tracer locally in any physical space of a chosen organ

© CIBM | Center for Biomedical Imaging ciBM.CH



COMPARTMENTAL MODELLING e!I'Bm

m The different biochemical species (or group of species) are modelled as idealized stores of
substance called metabolic pools (also called labelling pools)

— Describes molecules that share the same behaviour

— Each pool is supposed homogeneous (instantaneous mixing of the tracer with
the tracee, uniform volume distribution)

—  The probability of leaving the labelling pool through any of the available
effluxes is the same for all the molecules present in the pool

© CIBM | Center for Biomedical Imaging ,% é ciBM.CH



OBJECTIVES OF THE MODEL ecl.sm

The objectives of a metabolic model can be the following:

— identification the structure of the system - « -
-, <gh \

— estimation of the value of the internal metabolic parameters

ay
and their precision x

i

0\[]?

— prediction of the response of the system to external factors

© CIBM | Center for Biomedical Imaging ciBM.CH



MATHEMATICAL DESCRIPTION OF )\ [ 4
B'ciBm

COMPARTMENTAL MODELS | SI——

The elementary unit, the labelling pool :

out
1

Vlln V/ COO
in out I

M V2, CHa

. * . —

S S . —> P,P . Hc|> H
| in m H?_NHZ
* v m COO"

Glutamate

= Represents a labelling position in a given molecule, or simply a labelled molecule

» |s characterized by :
« Its total concentration (P) in [pumol/g]

« Its labelled concentration (P*) in [umol/g] (typically 13C),
or equivalently by its fractional enrichment :

[-], varying between 0 and 1 e pP*
P

© CIBM | Center for Biomedical Imaging CiIBM.CH



MATHEMATICAL PRINCIPLES OF -Q"

COMPARTMENTAL MODELLING L SinatlLA

The labelling equations:

Vlln Vlout

: S| PPY |
Sn’Sn — ’ ! \
* Vnin Vmout
FE = %
Mass balance equation: AP _ PAAED I at metabolic steady-state
at & & e
. . dP*(t) _ < y\in ot [P7(1)

Labelling equation : G- Z‘Vi ~—Zj:Vj a
In compartment modelling FE FE . _
of PET data : dP* (1) | | f V.m

=Y K"-S/(t)- Y KM -P(t)  withK"=——andK =

i ] S ciIBM.CH

dt

© CIBM | Center for Biomedical Imaging



MATHEMATICAL PRINCIPLES OF P\ [ 2
B'ciBm
COMPARTMENTAL MODELLING | SI——

The measurement of the substrate concentration:

The arterial input function (AlF)

Tissue tracer
concentration

Metabolic system fit, P, Py, Py AIF(D)

{P,P,..,P}

Activity /
Activity /

concentration

=
o
=
@®©
]
—
=
(&}
o
=
o
(&)

The AIF needs to be measured continuously over the entire infusion period or

The infusion protocol is designed to reach a desired input function.

© CIBM | Center for Biomedical Imaging CiIBM.CH



SIMPLE ONE-PRODUCT POOL EXAMPLE h‘!.’gm

'[emerfur Biomedical Imaging
The labelling equations:
| SIS]____
S v
, FE(t)=—|1-e °*
V/in \/out FE | s[ }
S,S* .| P,P* > |
000000 O0000O0C
g [ Initial slope =(S*/[S])*VI"/P
= — = 0 * N . N N
FE 3 70% FEz% .
[ : dP(t) in out .
Mass balance equation : at V-V =0 (metabolic steady-state)
dP* (1) ... S'(t) ... P(t
Labelling equation : dt( ) =V S( )—V P

(we assume P*(0)=0)

© CIBM | Center for Biomedical Imaging CiIBM.CH



SIMPLE ONE-PRODUCT POOL EXAMPLE eg?gm

The labelling equations:

|

S*/[S] . Vout — Vdil

Vin * VOUt FE !
S,S* -1 P,P >
’ 000000 ’ 00000O0C ' ev"]

FE=>"— 70% p* |

S FE=—

P
I ; . w __\/in dil  ygsout __ .
Mass balance equation : . Vi+ VT -V =0 (metabolic steady-state)

dP'(t) _\n S'(D)
dt S

. Vout . P*(t)

Labelling equation :

(we assume P*(0)=0)

© CIBM | Center for Biomedical Imaging CiIBM.CH



MATHEMATICAL PRINCIPLES OF )\ [ 4

N
COMPARTMENTAL MODELLING L SinatlLA

General equations for a compartmental model:

P, (1) Vg, Vo, oo V(1 0
'Mass balance equation : % qu(-t) = VSZ \./.2.2 \./.”.2 l el ety O
P.(1) Ve, V,, ... V 1 0
Pr(t)] (Vsr Var - Vi |[S()/[S]
abeling equation: P01 Yo Mo M ROTES
P(@t) (Vsy Vo o Vo, AP (D)/[P.]

System of linear differential equations with constant coefficients

[—> Numerieal selutions

© CIBM | Center for Biomedical Imaging CiIBM.CH



EXTRACTING METABOLIC PARAMETERS '\ [ 2

N
FROM THE EXPERIMENTAL DATA L SinatlLA

m The mathematics needed in metabolic modelling can be schematically
separated into two steps.

— The firstis to find a general solution to the set of equations that describes the biochemical model
— The second is to find the particular set of model parameters that describe the observation.

— REGRESSION

Experimental Parameter
data estimates

New

Model Residual ‘ parameter - 7

Initial simulation values
conditions for Simulated Best fit

the Dataset of the data
parameters
Repeated until minimal residual is found

© CIBM | Center for Biomedical Imaging CiIBM.CH




REGRESSION S

ciBm

' Center for Biomedical Imaging

Experimental Parameter
data estimates
New
Model Residual ‘ parameter - 7
Initial simulation values
conditions for Simulated Best fit

the Dataset of the data
parameters
Repeated until minimal residual is found

m A metabolic model is designed to explain the experimental observations and gives a number | of
output functions f that describe the | dynamic datasets obtained from the measurement:

f(8,8,,....3,.1)

m The most common measurement of proximity of the data and simulation is the least-squares

criterion: J o )
WRSS =>">"w;| y;(t) - f;(a,a,,...a,.1) |

j=1 i=1
where Y; (t.) are the i sampling points of the jth uptake curve,

W;the relative weight of the j" curve in the regression. (typically, w; =1/Var; )

© CIBM | Center for Biomedical Imaging CiIBM.CH



BASIC PRINCIPLES OF NON-LINEAR REGRESSION "'

N
PARAMETER PRECISION AND CORRELATION wCiBm

m The precision of the parameter estimation can be estimated by error
propagation from the regression in terms of the covariance matrix :

Var(a) ».Cov(a,4,) .. Cov(a,a,)

Coud) —| GOV ) NGB . Cov(3, &)

Cov(a, &) Cov(q, q) .. Var(a,)

where a4, a,, ..., are the optimized parameters of the system (metabolic fluxes)

Cobelli C., Foster D. and Toffolo G. (2000)
© CIBM | Center for Biomedical Imaging Tracer kinetics in biomedical research: from data to model, Vol. 1. Kluwer Academic/Plenum. CIBM.CH



BASIC PRINCIPLES OF NON-LINEAR REGRESSION

PARAMETER PRECISION AND CORRELATION

o

' Center for Biomedical Imaging

Similarly the correlation matrix of the parameters can be extracted

© CIBM | Center for Biomedical Imaging

Corr(a) =

Cov(a,4,)
SD(a) SD(3,)

Cov(a,,a)

SD(a,) SD(&)

Cov(a, d)  Cov(a,.d)

Cov(a, 4,)

SD(&) SD(a,)
Cov(a, 4,)

SD(a,) SD(a,) SD(a,) SD(a,)

SD(a,) SD(a,)

CiIBM.CH



BASIC PRINCIPLES OF NON-LINEAR REGRESSION <
PARAMETER PRECISION AND CORRELATION %C'Bm

enter for Biomedical Imaging

m Non-linearity of the system (model)

-> Sometimes, small effects on the noise of the data can have huge impact on the
estimated parameters

m An alternative method to evaluate the precision and correlation of the model parameters is
Monte Carlo simulation

Model

simulation " " Addition
Estimated perfect

IV.IoFieI paramaters ‘ Noise-free
fitting Dataset
Experimental
data 7 — Model —
fitting

E i tal Artificial noise Artificial noisy Fitted
xperimenta ‘ ‘
- arameters ity distributi
noise level realization N, dataset D, ‘ P Probability distributions
a, of the parameters
- 3
e . Fitted 5 O
Artificial noise - Artificial noisy - ° <
- parameters g @
realization N, dataset D, - o £
a, E o
S5 O
=Z O

Parameter value

Fitted
Artificial noise Artificial noisy
A parameters
realization N, dataset D,,

av

Variance
of the parameters
© CIBM | Center for Biomedical Imaging
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WARNINGS e!ﬂgm

m Although many optimized algorithm have been developed for non-linear regression, it is in
practice never possible to be completely sure that the found optimum is a global minimum.

m The fact that the model functions fit the experimental data is necessary, but not sufficient.

— Precision of the model parameters
(sensitivity of the measurement to the given parameters)

— Correlation between the parameters
(close to + 1 — parameters not individually identifiable)

m A compartmental model is therefore as good as the assumptions that are incorporated in it.

© CIBM | Center for Biomedical Imaging ciBM.CH



BIOCHEMICAL MOTIVATIONS e!I'Bm

Brain energy metabolism

BBB
Blood . Brain Tissue
n
-
]
Glucose . Glucose Glucose-6P
o000 0 =———p OO0 0 —mmp OO-O0O000 €—P Glycogen
Transport Phosphorylation
. lGchonsis
-
. Pyruvate
. (020,0) 44— Lactate
- lPDH
n
Acetate . Acetate Acetyl-CoA
(020 —p OO0 »p OO
Tran_sport
. PC
[ ]
= TCA
]
. cycle
]

In vivol3C NMR spectroscopy:

13C natural abundance is only 1.1%

13C can be used as a tracer by infusing 3C-enriched substrates

© CIBM | Center for Biomedical Imaging ciBM.CH



BRAIN ENERGY METABOLISM STUDIED WITH 3C MRS 4 \ [ 2

THE TRACER: [1,6-13C] GLUCOSE OR [1-13C] GLUCOSE

[1,6-13C] glucose

HOH H OHH O
HC—C—C—?—C—CH
OHOHOH H OH

Glycolysis

2 X more enrichment

{ s S \

I I
H;C—C—COO" H3;C—C—COO"

Pyruvate Pyruvate

TCA cycle,
Lactate metabolism

© CIBM | Center for Biomedical Imaging
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[1-13C] glucose

LT
HC—C—C—C—C—CH

OHOHOHH OH

Glycolysis

O (I? \
I
H3;C—C—COO" H3C—C—COO~

Pyruvate Pyruvate

TCA cycle,

Lactate metabolism
CIBM.CH



BRAIN ENERGY METABOLISM STUDIED WITH 3C MRS "'

TCA CYCLE METABOLISM OF [1,6-3C] GLUCOSE

Neuronal TCA cycle (1st turn)

COO” COO”

| |
HC—NH, | HC—NH,
Aspartate | !

(|3H2 CI:HZ \
COO COO

COO- COO'
Malate |
HO—CH 4_Ho—CH
H—CH H—CH
COO- COO-
Fumarate GO0 GO0
CH CH
[ o
™o
COO- COO-

Succinate CI:OO' COO-
?Hz + G2 Succinyl-CoA

?OO‘ CH2 CHy ?OO_ 2-Oxoglutarate
HEF_'zH COO COO0 HilizH CIDOO
| \ . (I:HZ
HG—NH, ¢=0 HC—H
COO S—CoA ~—_ CI)=O
Glutamate € > éOO'

© CIBM | Center for Biomedical Imaging
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% o)

| il
H;C—C—S-CoA <=——> H,C—C—COO0"

Acetyl-CoA Pyruvate

k COO \Glycolyss

HO— C COO' Citrate

HoH H OHH O

He C H HC—C—C—C—C—CH
COO \ OHOHOHH OH
CI:OO' Glucose
du, [1,6-13C] glucose
?II:_COO_ cis-Aconitate
C—H
C|300‘

CIZOO'

CH,

|
H?_COO' Isocitrate
HO—C—H
COO-

/

Oxalosuccinate

HC COO”

ciBM.CH



BRAIN ENERGY METABOLISM STUDIED WITH 3C MRS
TCA CYCLE METABOLISM OF [1,6-3C] GLUCOSE

Neuronal TCA cycle (2nd turn)

© CIBM | Center for Biomedical Imaging

Fumarate ?OO'

! 0
— o)
+ Hcf NH Il

Il
H3;C—C—S-CoA <=—> H,;C—C—COO"
\ ?OO' CI7OO' Acetyl-CoA Pyruvate

?OO'
Gz
COO- )
| H?_COO Isocitrate
?HZ Succinyl-CoA HO—(I:—H
(|:H2 coo 2-Oxoglutarate i COO"
oo éH CoO0
;2 coo Ly /
6 . e
t=0 72 HC—COO:
I HC—H c=0 Oxalosuccinate
S=CoA~— [l_j « |
> CoO"
COO-

=

| G

C 1

ciBm
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c=0 Cc=0 .
H=CH | H—CH coo \G'VCO'YS'S
| | |
et Ccoo Coor CH,
CoO" Oxaloacetate Ho—(I:—COQ- Citrate |'|| |'|| |'|| OIHI-I| (I)I
e e == ==
HO—CH  HO—CH H—C—H HC—C—C—C—C—CH
T éoo-\ OHOHOHH OH
|
CoO" Coo®
C:)Hz [1,6-13C] glucose
CoO" ¢—COO"  cis-Aconitate
| (I:_H
coo

BM.CH



BRAIN ENERGY METABOLISM STUDIED WITH 3C MRS "'

TCA CYCLE METABOLISM OF [1,6-13C] GLUCOSE =°'Bm

Glial-specific reaction p,
Vv ruvate
- pyruvate carboxylase

PC

0 Acetyl-CoA
co Il
R Oxaloacetate H,C—C —5-CoA
Malate + C.OOA
Malate coo coo ¢=0 oo
HO-CH  HO—CH ~ H-CH du. Citrate
T 2

+ -
coo coo !

H _CI —H
coor \ Vtca+ Vec

CIOO' (IIOO' (I:oo_
CH CH Fumarate +
TR CH,
HC HC Fumarate
| | C —=Coo cis-Aconitate
coo coo g _
I H
I CcCoO
CIOO' (IIOO' 1
Succinate +
CH C
izt 1% guccinate coo
CH, CH, I
| | CH2
coo cooO
HCI —COoO
\ (i.oo_ Ho_cl —H Isocitrate
' CoOr
CIOO (i.Hz 2-oxoglutarate
CH, Succinl HC—H coo coo /
H? -H uccinyl-CoA C| =0 \ cle cle
Hcl—NH2 S—CoA HC—H 4= |HC—COO
coo cI =0 CI =0 Oxalosuccinate
| |
| <€ > i i
Glutamate CcOoO0 Co0 CIBM . CH
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the two-compartment model

Dilution Transport|+ glycolysis

Dilution | Transport|+ glycolysis

BRAIN ENERGY METABOLISM STUDIED WITH 13C MRS

p p
‘(/PC \ ¢ ‘L
AcCoA «—Pyr 4\' (> Pyr— AcCoA
OAA Lac,«—Lac, V, _ OAA
Cycle VAV, v, Cycle
0G <>Glu, % Glu, > 0G
Vg Vi ¢ Vir T Viea'
Gln4,3,2 > GIn4,3,2
\Glial cell V.. ) \_ Neuronj

In 13C MRS, the metabolites with sufficient concentration are measured (> 1mM)

- Glu, GIn, Asp and Lac

o

‘emerfnr Biomedical Imaging

© CIBM | Center for Biomedical Imaging

[1] Gruetter et al., Am. J. Physiol. Endocrinol. Metab., 2001

[2] Sibson et al., J. Neurochem. , 2001
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TWO-COMPARTMENT MODELING
OF [1,6-13C] GLUCOSE BRAIN METABOLISM

15t TCA cycle turn labeling :

13Cc =
12C =

© CIBM | Center for Biomedical Imaging

@)
o

B,

'z + ) 4 ¢ I
AcCoA €«—— Pyr Pyr ——> AcCoA
N f VTCAN
TCA Lac «— Lac TCA
Cycle Ve yn \ Cycle
0G €«> Glu< Glu 4<—>" 0G
\ o] ¢ VNT T
GIn4 > GIn4
\Glial cell ) \_ Neuron/

o
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TWO-COMPARTMENT MODELING
OF [1,6-13C] GLUCOSE BRAIN METABOLISM

2"d TCA cycle turn labeling :

13Cc =
12C =

© CIBM | Center for Biomedical Imaging

@)
o

T,

4 ¢ N\ 4 )
AcCoA<€—— Pyr Pyr —— AcCoA
N f VTCAN
TCA Lac «— Lac TCA
Cycle Ve A Cycle
0G (—X>Glu3< G|u3<—"> 0G
V g ¢ VNT T
GIn3 > GIn3
\Glial cell ) \_ Neuronj

o

‘emerfor Biomedical Imaging

ciBM.CH



TWO-COMPARTMENT MODELING
OF [1,6-13C] GLUCOSE BRAIN METABOLISM

2"d TCA cycle turn labeling :

13Cc =
12C =

© CIBM | Center for Biomedical Imaging

@)
o

B,

4 ¢ N\ 4 )
AcCoA<€—— Pyr Pyr —— AcCoA
N f VTCAN
TCA Lac «— Lac TCA
Cycle Ve A Cycle
0G € Glu<€ Glu <€ 0G
2 2
V g ¢ VNT T
GIn2 > GIn2
\Glial cell ) \_ Neuronj

o

‘emerfor Biomedical Imaging
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TWO-COMPARTMENT MODELING
OF [1,6-13C] GLUCOSE BRAIN METABOLISM

Dilution through PC:

T,

13Cc =
12C =

© CIBM | Center for Biomedical Imaging

@)
o

(V.. PC v )
AcCoA<€—— Pyr

OAA N

(

~

Pyr ——» AcCoA

/

V N
TCA Lac €«— 3 Lac “oTCA
Cycle Jve+vy A Cycle
x T PC .
oG _>E Glu Glu<€<—> 0G
ve |¥ | v
Vv g X ¢ syn NT T
GIn GIn
\Glial cell v, tl ) \_ Neuron 1)

o

‘emerfor Biomedical Imaging
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TWO-COMPARTMENT MODELING )\ [ 4

b ciBm
OF [1,6-13C] GLUCOSE BRAIN METABOLISM | (E—
Labelling through PC: Separate measurement of the C3 and C2 positions of Glu and GlIn is required

for a complete description of the 2-compartment model.

Bc= 0O
2= @
(V.. PC 4 )
AcCoA(— Pyr Pyr —— AcCoA
¢ VTCAN
Lac <«—» lac TCA
Cycle V.54V, VN Cycle
oG _>Glu Glu €< 0G
v, T v; v, T
GIn GIn
\Glial cell v, tl ) \_ Neuron 1)

\

© CIBM | Center for Biomedical Imaging CiIBM.CH



TWO-COMPARTMENT MODELLING "'
.CIBITI

O F B RAI N G L U COS E M ETABO L I S M 'Eemerfaniomedital Imaging
C|:OO'
&
HCl:—H
. . HC—NH,
Dilution Transport|+ glycolysis Dilution | Transport|+ glycolysis (|ZOO'
(/ J, ) ¢ ) i Glutamate
PC Vlm \/,out
AcCoA\<— Pyr 4} (> Pyr——> AcCoA Vi /{,Zur\
: ~ * : i’
OAA Lac,y—r lag, Vi OPA ~_ | PP ~_
TCA Asp TCA Vnin - Vmout
Cycle v +v, v, Cycle FE-
0G 4:’G|u432 Glu, > 0G
v 3,
Vs oy | Ve | f Tl | P sy sy g
G|n4,3,z = G|n4,3,2 dt i I ] :
\Glial cell Vo | \_ Neuron )
dP’(t) n Si(1) ot P(1)
= vtz AV A
dt Z S Z,: P

In 13C MRS, the metabolites with sufficient concentration are measured (> 1mM)

— Glu, GIn, Asp and Lac
Each labelling position is described by a mass balance equation and a labelling equation

© CIBM | Center for Biomedical Imaging [1] Duarte et al., Front. Neuroenerg. , 2011 [2] Lanzetal., J. Neurochem., 2013 CIBM.CH



[1,6-13C,] GLUCOSE DYNAMIC MRS STUDIES ".

METHODS

Experimental protocol:

Ll

Voxel size: 5-8-8 mm?

© CIBM | Center for Biomedical Imaging

1H-

3D isis
+
OoVvs

-CIBITI

' Center for Biomedical Imaging

Fasted Sprague-Dawley rats (n=6) anesthetized with
alpha-chloralose infusion

A bolus of 99% enriched [1,6-13C,] glucose is given
over a 5 min period (based on the measured basal
glycemia) and followed by constant infusion of 70%
enriched [1,6-3C,] glucose

Generates a « step function » shaped glucose
fractional enrichment in blood (FE=70%)

Saturate glucose transport

Plasma Glucose

_[

13C

207 180° 45" warrz-16 13C enrichment
| \
' 70 %
segmented 0° BIR-4 9
' . e L
u_
T, 1, Acquisition
; > [1,6-"C]Glucose
time

L ocalized DEPT

with = 1/2],

ciBM.CH



[1,6-13C,] GLUCOSE DYNAMIC MRS STUDIES “.
a ciBm

M ET H O DS ‘emerfor Biomedical Imaging
Workflow:
In vivo Ex vivo
(i) < ccmson o acasion )T ) Smanen )

5 hours > 4 hours

Fine analysis of the final

Pool size Measurement of the dynamic 13C enrichment of the

determination

metabolites
(brain + plasma)

13C enrichment curves

© CIBM | Center for Biomedical Imaging CIBM.CH



[1,6-13C,] GLUCOSE DYNAMIC MRS STUDIES "'

METHODS ac'Bm

Glu-C4

enter for Biomedical Imaging

— separate measurement of the labeling turnover:

Glc-C6
Glu-C2

In glutamate : GABA-C2

GluC4 Sz NG P

GIuC3 :

Gluc2 e
In glutamine :

Cincs T ——
GInC3 ' | -

GInC2 e ——
In aspartate: AR SRS

AspC3 e ——
AspC2 NSRS

(time resol.= 5.3 min)

65 60 55 50 45 40 35 30 25 20 15
© CIBM | Center for Biomedical Imaging Duarte et al., Front. Neuroenerg. , 2011 Chemical Shift (ppm) CIBM.CH



[1,6-13C] GLUCOSE DYNAMIC MRS STUDIES AT 14T
METHODS

Results :

Two-compartmental model fitted to the experimental turnover curves.

0.7 : : : : : 0.5 ,
P
0.6
0.4
@) V 0.23
05 & J
o O ng 0.17
0.3}
0.4
§ § Vnt 0.12
h — n
03 ! o tca 0.44
' VX” 0.76
0.2 Vpc 0.07
Gluc4 0.1} GInC4 |-
01 GluC3 |] GInC3
Gluc2 | GInC2
0 ‘ ' ‘ A ‘ 0 ' ‘ ‘ A A
0 50 100 150 200 250 300 0 50 100 150 200 250 300

time [min] time [min]

© CIBM | Center for Biomedical Imaging Duarte et al., Front. Neuroenerg. , 2011

&

| g

0.02
0.06
0.01
0.01
0.07
0.01

[umol/g/min]

ciBM.CH
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TWO-COMPARTMENT MODELLING P\ [

™
OF [1,6-13C] GLUCOSE DYNAMIC MRS STUDIES AT 14T O o

Results :

Characterization of brain oxidative metabolism.

+ A 4 A Vg 0.23 +- 0.02
ACCOA(_ Pyr Pyr _)ACCOA ng 017 +- 006
'Z' G V. 012+ 001
LaC(—)Lac " TCA V,," 0.44 +- 0.01
Cycle V.54V, v,y Cycle vr 076 +- 0.07
0G —>Glu Glu <> 0G V., 0.07 + 0.01
Vir T [umol/g/min]
GIn Gln
KGlial cell Vol \_ Neuron 1

© CIBM | Center for Biomedical Imaging CiIBM.CH



EXTENSION OF IN VIVO 13C STUDIES TO MICE e!?gm

Rat (~270 g) Mouse (~30 g)
Blood volume = 15 ml Blood volume = 2.5 ml

o0
Voxel 320 uL Voxel 112 uL
5x8x8mm?3 3.6x6.9%x4.5mm?3

T =

Additional difficulties in mice studies:

* smaller brain
= smaller VOI and -> low SNR = Tissue inhomogeneities -> difficult B, shimming

* small blood volume

= Blood sampling in the magnet almost impossible -> standardization of the input function
or image-derived input function

© CIBM | Center for Biomedical Imaging ciBM.CH



CURRENT PROJECTS: P\ [ 3

. ciBm
EXTENSION OF IN VIVO 13C STUDIES TO MICE 'EemerfurBiDmEdi[alImagiﬂg
Methods:
Animals and physiology:
= Nude male mice (8weeks old, 20-30g, n=3) 1H
= 7 hours fasted 1<_>7 m/ quadrature

= |soflurane anaesthesia (1-2%)

Infusion protocol (target FE = 70%, metabolic steady-state):
= Tail vein catheter
= 5 min exponential bolus of 99%-enriched [1,6-13C,] Glc
= 5 hours adjustable continuous infusion of 70%-enriched [1,6-13C,] Glc
(target glycemia = 300mg/dL)

13C
linear

Data acquisition:
= Voxel 112uL
= 14.1 Tesla system (Varian/Magnex)
= Home-built surface coil
= Semi-adiabatic DEPT sequence

© CIBM | Center for Biomedical Imaging Lai et al., JCBFM , 2018 ciIBM.CH



EXTENSION OF IN VIVO 13C STUDIES TO MICE

Voxel 112puL
3.6x6.9%x4.5mm?3

Results:
IN VIVO data
32min acq. after 4.5h infusion
SNR= 16 3
3 O ¥
Y 5| § 3 kv
g £ 0 s
[CR-] 8 © ¥,
S ELY S =
S 5 23 g O "
~ v o = S S v
U \ / 2 < < 2 5
I g v g < <
W ) WW ol w
[ I | | [ I I |
35 25 20 ppm

© CIBM | Center for Biomedical Imaging Lai et al.. JCBFM . 2018
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EXTENSION OF IN VIVO 13C STUDIES TO MICE

Results:

Glutamate and Glutamine

(temp. resol = 10min).

GluC4

=

ciBm

' Center for Biomedical Imaaina

GInC4
GluC3

LacC3

65 60 55 50 45
'E' 0.5 - C4 “ "Q *e 0.5 + C3 0.5 - C2
£ 04 04 - 04 -
203 oo 0.3 - 03 -
"c'_i 0.2 se” 0.2 - 02
S o1 ¢ FE GluC4 01 *FEGIC3 + FE GIuC2
‘g e FE GInC4 e FE GInC3 e FE GInC2
S o0 ‘ ‘ ‘ 0 ‘ ‘ ‘ 0 ‘ ‘ ‘
Lo 100 200 300 0 100 200 300 0 100 200 300
Time (min) Time (min) Time (min)
Fluxes Vg Vic Vit Vica" Vy Vail®
[umol/g/min] 0.11 0.051 0.21 0.33 0.20 0.82
SD 0.02 0.005 0.03 0.02 0.03 0.04

© CIBM | Center for Biomedical Imaging

Lai et al., JCBFM , 2018

Voxel 112uL
3.6x6.9x4.5mm3

20
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GLUCOSE CONSUMPTION )\ [ 4

N
MEASURED WITH FDG-PET L SinatlLA

Fluorodeoxyglucose (FDG) -> glucose metabolism

HO

OH

HO

Fluorodeooxyglucose

FDG half-life : 110 min

S /511 keV %
[ ]
— -
Mean free path the emitted * in water : ~ 1mm & ¥V 511 keV %

> N
PET detectors: %ﬁmﬂﬂﬂ(\@H

© CIBM | Center for Biomedical Imaging SClntlllator + photomultlp“er



PARTICULARITY OF FDG ecu.sm

In the particular case of FDG, there is actually no «cold» tracer present in the system.

Glucose

OH OH _> OH
HO

\ 180H
H / -

49 F 18 (109.728 m) 1 656

— direct conversion of activity (in kBg/ml) to concentration is possible.

, 1.022 MeV
/€
_In(2) ¢ /1656 MeVv
A(t) = A, exp( - ) ; 314% - 0.634
1/2 B
0.634 MeV
C( ) — 100 OOA(t/)d r_ 10 At 1/2 ,’[’ 96.86%
96.86 9686 1\ 1y 2) 8 O 18 (stable) 00

With A = 500 kBg/ml — C= 5:10° molecules/ml = 8 pmol/I

© CIBM | Center for Biomedical Imaging CIBM.CH



METABOLISM OF FDG -‘!?Bm

'[emerfur Biomedical Imaging
BBB / Cell membrane
HO H,PO,
Q,
Hexokinase
OH OH > OH OH
HO HO
ATP ADP

Fluorodeoxyglucose
FDG

SISA|02A|19

© CIBM | Center for Biomedical Imaging
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MODELLING OF GLUCOSE )\ [ 4

N
AND EDG METABOLISM: woem .

ks*
AlF Phosphorylatio?
k; * xY ,—(k,+k3)t s
PET - *((k2+k3)e 27" )®Cp(t) ) =0
measured kz + k3
quantity k:k: i
Cin(O) | ———= (1 — e~*a+ka)t) @ ;i (t)
k5 + k3

© CIBM | Center for Biomedical Imaging ciBM.CH



MODELLING OF GLUCOSE

=

AND FDG METABOLISM:
Plasma Intracellular Glc Glc-6P
k
: Ky t s CMRg;.
ranspor i
Cp < p Ci zhosphorylatlon Cm
K, K,
Mass balance equations at dc. (t)
metabolic steady-state: —===kC, +k,C, —(k, +k;)C; =0
dt
dcént(t) —k.C,~(K,C, +CMR,, ) =0
CMR,, =k,C, —-k,C =C ——— Ksky
P k +K,
* J. % [ k*k; l
_ Ly _kiks kG + k5
© CIBM | Center for Biomedical Imaging -kz _I_ kg-
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MATHEMATICAL PRINCIPLES OF P\ [ 2
B'ciBm
COMPARTMENTAL MODELLING | SI——

The measurement of the substrate concentration:

The arterial input function (AlF)

Tissue tracer
concentration

Metabolic system fit, P, Py, Py AIF(D)

{P,P,..,P}

Activity /
Activity /

concentration

=
o
=
@®©
]
—
=
(&}
o
=
o
(&)

The AIF needs to be measured continuously over the entire infusion period or

The infusion protocol is designed to reach a desired input function.

© CIBM | Center for Biomedical Imaging CiIBM.CH



QUANTITATIVE CMRg - MAPPING WITH PRECLINICAL PET .‘!,’Bm

. . . . '[emerfur Biomedical Imaging
Non-invasive tracer input function measurement

JNIVI

The Journal of Nuclear Medicine

Content~ Subscriptions = Authors - About -~

Research Aricle | Basic Science Investigations

Image-Derived Input Function from the Vena Cava for *®*F-FDG PET Studies in Rats and
Mice

Bernard Lanz', Carole Poitry-Yamate?, and Rolf Gruetter'—*

'Laboratory for Functional and Metabolic Imaging (LIFMET), Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland;
2Center for Biomedical Imaging, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland; *Department of Radiology,
University of Lausanne, Lausanne, Switzerland; and *Department of Radiology, University of Geneva, Geneva, Switzerland

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 55 ¢ No. 8 * August 2014
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QUANTITATIVE CMRg - MAPPING WITH PRECLINICAL PET .‘!I.Bm

' Center for Biomedical Imaging

Non-invasive tracer input function measurement

A Time R
» 7 Head side
! ‘ Heart g 1 ,800 T T T T T
' - 8 — Blood counter AIF
g 1,600 | — Dispersion corrected image-derived IF N
> O Manual blood samples
kS E 2l
5 1,400
A ' - =
-25s 25s 75s 125s 2,500 s Tail side 11,200 7 1,600¢ 1 A
B C = £ o] |
g 1,000 g 1,200t i
Axial slice Longitudinal slice =, = 800:
2 800 H | 2 1
2 >
© += 400
< 600 2 :
0
4004 0 50 100 150 200 250 300 |
Time (s)
00 - s L ,
0 1 1 1 1 |
0 500 1,000 1,500 2,000 2,500

Time (s)

PET images of vena cava in rat during first passage of 8F-FDG bolus,
used to define VOI for image-derived input function

Lanz et al., J. Nucl. Med., 2014

© CIBM | Center for Biomedical Imaging CIBM.CH



QUANTITATIVE CMRg, - MAPPING WITH PRECLINICAL PET:: P\ [

- ciBm
AP P LI CATI O N S [1] 3D mapS in Bq/m L '[emerforBiDmEdi[al Imaging

0.5x0.5x1.18 mm?3
nominal resolution

Injection of 18F-
FDG bolus in the dynamic static

tail vein acquisition on - acquisition on n
I the vena cava the brain

67.6 £ 11.9 MBQ Arterial input function (AIF) [27 45 min Ty 60 min

(Correction for blood versus plasma content)

Sokoloff approach: [4]

Avalanche photodiode LabPET 4 scanner

Reconstruction: Quantitative 3D CMRy maps
« MLEM (5 iterations on vena cava ; 15 on brain)
« Built-in quantitative calibration on FDG phantom “
» Correction for inelastic scattering and radioactive decay CMRglc(Tf) =
7
Minimal invasiveness (FDG injection + one blood sample) [3]

[1] Mosso et al., Anal. Biochem., 2022 [2] Lanz et al., J. Nucl. Med., 2014

© CIBM | Center for Biomedical Imaging [3Tokugawa et al., J Nucl Med., 2007 [4] Sokoloff et al., J. Neurochem., 1977 CiIBM.CH



QUANTITATIVE CMRg, - MAPPING WITH PRECLINICAL PET:: P\ [

a ciBm
APPLICATIONS I (HEPATIC ENCEPHALOPATHY) W o omesicl maging
« Limitations of the SUV when systemic metabolic
CMR . maps effects occur
Slice number CMRgIc « Added power of guantitative mapping of glucose
(umollg/mln) uptake (CMRgyic) using an image-derived IF

3M_ -
10.3 I —— }(2) -ﬂ- Hippocampus

o2 [} eme e

glucose cerebral metabolic rate in BDL rats over all slices

A 1 2.5
0 —  EE SHAM

) BDL

SHAM

pmol/g/min
o
N

", S
., T O
, tesaett o
.. o
------- 0 1

n=10 n=10
T 1

0.0-

Mosso et al., Anal. Biochem., 2022
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QUANTITATIVE CMRg - MAPPING WITH PRECLINICAL PET e!,'sm

Minimally invasive metabolic flux measurement in rats and mice

m Image-derived tracer input function
m Calibrated PET images in Bg/ml

m Adapted metabolic modelling with dynamic (mice) or steady-
state (rats) FDG radioactivity density maps

‘ CMR,. 3D parametric maps with PET scanner nominal resolution
(main limitation is the positron mean free path)

© CIBM | Center for Biomedical Imaging ciBM.CH



QUANTITATIVE METABOLIC MODELLING e!?gm

GOAL: compare, validate and combine multimodal results

Blood BBB Brain Tissue
.
= FDG-PET, 2H MRS 56 VRS
Glucose . Glucose Glucose-6P
0,0, 0, 0,0 O o J0L0,0,0,0,0 » O-O-O0O0C00 <« » Glycogen
Transport Phosphorylation
a lGcholysis
. 13C MRS, 'H fMRS
u Pyruvate
- 05030 < P Lactate
|
" LC.PET, 13C MRS lPDH
Acetate . Acetate Acetyl-CoA
020 = » OO » OO
Transport 13C MRS, 2H MRS
. PC Glutamate Glutamine
TCA
m ATP < ADP cycle
- 7P MRS 15N MRS

© CIBM | Center for Biomedical Imaging ciBM.CH



Deuterium MRSI

(also called DMI, deuterium metabolic imaging)

(like in FDG-PET or 3C MRS)
» Low background signal (water lipids)

» Short relaxation times (T1 and T2)
-> faster temporal averages

Labelling experiment to study metabolic pathways

Water
A
6 4 2 0 6 4 2 0
2H chemical shift (ppm) 2H chemical shift (ppm)
rat braininvivoat 11.7 T rat brain after infusion

before infusion of any
2H-labeled substrate

of [6,6'-°H,]glucose in vivo

De Feyter et al., Sci. Adv. 2018

© CIBM | Center for Biomedical Imaging

0 mEmETE T 2.5

0 e . 2.0
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NZ

N

A~

6

4 2 0

2H chemical shift (ppm)

G

Lactate (mM)

O mmmr T 1.5

Lactate

Experimental

Spectral fit
Glucose

N

Lactate

A MM A Residual vV AMS S A ML

6 4 2
2H chemical shift (ppm)

H  Lactate/GIx
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Deuterium MRSI '\ 4

(also called DMI, deuterium metabolic imaging) wCiBm

- Labelling experiment to study metabolic pathways Specific challenges:

(like in FDG-PET or 3C MRS)
» Low background signal (water lipids) A st —— o
5,6- C,l-glucose 6,6~ H,, 6- C]-glucose 120 @) 1H

 Short relaxation times (T1 and T2) 00005 5 M0 000 - @ c ® o
-> faster temporal averages @ :c o

- label losses
- Isotopic effects

IS

glycolys
———

R
~—O

Water

\Water 2 13 2 13
[3-"H,, 3- "C]-pyruvate [3-"H,, 3- "C]-lactate
—_—
Glucose —
Glx 13 13
[2,3- "C,]-pyruvate [2,3- "C,]-lactate
B | Lactate % -

A
— [2H3, 2_13(;2]'acetate /\ -
6 4 2 0 6 4 2 0 . .
2H chemical shift (ppm) 2H chemical shift (ppm) [1,2-"C,J-acetate [4-"H,, 4- "Cl-glutamate
ojoy-.

rat braininvivoat 11.7 T rat brain after infusion 0006 : 6
before infusion of any of [6,6"-2H,]glucose in vivo TCA cycle — O O
2H-labeled substrate ®

%
(VO
(«2)O

De Feyter et al., Sci. Adv. 2018
[4,5-1302]-glutamate

© CIBM | Center for Biomedical Imaging De Graaf et al., ACS Chem. Neurosci. 2021 CIBM.CH
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Towards quantitative Deuterium MRSI s

Deuterium MRSI :
intermediary spatial resolution as compared to FDG-PET and in vivo 3C MRS (one single voxel)

* Itis able to distinguish CMR.(0x) et CMR,.(non-0x)

1
: o b

(chemical specificity) ¢ . CHRGic(non o0
« It is non-radioactive and safe Glc 7= Glc i > Lac

strong clinical potential

( g P ) CMRGIc(ox)

BBB

 Further developments need to be done to acquire 0G +——>Glu <" » GIn

metabolic maps dynamically E;mGAE_A

-> new spatial encoding strategies
-> obtain metabolic time courses for each voxel
-> derive CMR,.(0x) et CMR,.(non-ox) in micromol/g/min

 Validate results in preclinical experiments with FDG-PET et 13C MRS

© CIBM | Center for Biomedical Imaging ciBM.CH
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PREPROCESSING 3C IN VIVO DATA — RAT BRAIN P\ [ g

a
AG I L E N T 'Eegf!rgmle.::ul Imaging

m Open the fid

m Preprocessing/Conjugate

m Phase the signal using the zero and first order phase and afterwards use the option
“Preprocessing/Hard phase” to save the changes. GluC4 at 34.3 ppm

— If this option is not used the phasing is only visual

m Save the data as .mrui

© CIBM | Center for Biomedical Imaging ciBM.CH



13C IN VIVO RAT BRAIN SIGNAL AFTER PREPROCESSING P\ [

™
(SUM OF ONE HOUR OF SCAN) it

& R e

File Edit Display Preprocessing Quantitation Custom Options Window Help

@@ Mode 1D / Time Series

.

-

e | =

l 1D mode - ohsdept_07 _conj-hard_sum.mrui ()
File View Options

o

1.000EH

7. S00EH

Amplitude )

S.000E

2. 500E

T T T T T
70 ] 50 40 0 a0 10
Freguency (ppm) —|

© CIBM | Center for Biomedical Imaging ' ' ' ' ' ' ' - ciIBM.CH



STARTING VALUES

=

| g

ciBm

enter for Biomedical Imaging

& MRUTw4
File Edit Display Preprocessing Quantitation Custom

asa

Options Window Help

l 1D mode - ohsdept_07 _conj-hard_sum.mrui ()

-

File \iew

Options

© CIBM | Center for Biomedical Imaging

Amplitude -}

n]

1.000EH

TS00E

5.000E&

2.500E&

Click the top of a peak

Freguency (pprm

[E=N (N Y

Mode 1D / Time Series J MRUI v4d
—

o @




STARTING VALUES

=

ciBm

‘emerfor Biomedical Imaging

File Edit Display Preprocessing Quantitation Custom Options Window Help

N

u

=

H &

asa

l 1D mod] [ DataBase for Starting Values

File \iew

DataBase
Starting Values | Prior Knowledge | Overall Phases
Mumber Feak name Freguency (ppm) Ling Width (Hz)
1 GlUC3s 2786 26
2 Gluc3IT] 27.86 2.8
3 Gluc3an 2a.01 a0
4 Gluc3nz 2767 0.8
a GIUCETZ 814 108
fi Gluc3T3 27482 4.5
7 GluC4s 3437 8.3
g Gluc4D1 34.82 1.3
9 Gluc4n? 3422 1.3
10 Gluc2s a8.71 4.9
11 GluC2023-1 545 86 049
12 Gluc2D0i3-2 a8.87 1.9 Delete
13 Gluc2021-1 5598 R
14 Gluc2Di-2 65.48 3.8
14 GInC2E 5518 6.9
16 GInC2023-1 A5.33 5.9
17 GlnC2023-2 5503 049
18 Ginc2021-1 a5.4 0.8
149 GlnC2021-2 5408 29
20 GInC48 31.76 7.3
1 GlnC4043-1 31.62 T3
22 Ginc4D43-2 31.94 2041
23 GInC3s 27149 8.2
24 Ginc3043-1 27.04 7.3
il GlnC30ha3-2 2T.A3 25
26 GInC3T] 27.38 2.5
a7 GInC3aT2 276 38
28 GInC3T3 26.949 21
Default Quantitation

© CIBM | Center for Biomedical Imaging




PRIOR KNOWLEDGE: )\ [ 4

N
13C-13C J-EVOLUTION woem .

90° 180° 45°
Localized DEPT: 3D isis SN WALTZ-16
1 _ € > <€ > -I
H + |
OoVsS )
segmented 0° BIR-4
13c '
T l T [ Acquisition
m Relative phase evolution: with © = 1/2J_,
* Triplets: 0,:0:-6,
* Doublets: 0,:-6, with  O,=7 -1 J

and t=2.75ms

© CIBM | Center for Biomedical Imaging Lanz B, et al. Magn Reson Med. 2013 Henry PG, et al NMR Biomed. 2003 CIBM.CH
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'Eemerfur Biomedical Imaging

PRIOR KNOWLEDGE

1514 Lanz et al.
Table 1
Details on the High-Level Prior Knowledge Used in AMARES for the Quartifications with the 2nd and 3rd Approach
Resonance Multiplet Frequency Relative phase Amplitude
GInC3 GInC3s 27 15-27.25 ppm 0.0 Estimated
GInC30-1 GInC35-18.45 Hz 346 Estimated
GInC30D-2 GInC35+16.45 Hz 34.6 GInC30D-11.0
GInC3T-1 GInC35+32.9 Hz 69.1 GInC3T-2"0.5
GInC3T-2 GInC35-2 Hz 0.0 Estimated
GInC3T-3 GInC35-36.9 Hz 69.1 GInC3T-2°0.5
GluC3 GluC3s 27.8-27.9 ppm 0.0 Estimated
GluC3D-1 GuC353+16.3 Hz 343 Estimated
GluC3D-2 GluC35-18.3 Hz 342 GluC3D-11.0
GluC3T-1 GluC35-2 Hz 0.0 Estimated
GluC3T-2 GluC35+32.6 Hz 68.5 GluC3T-1"0.5
GluC3T-3 GluC35-36.6 Hz 68.5 GIuC3T-1"0.5
GInC4 GInC4S 31.74-31.84 ppm 0.0 Estimated
GinC4D43-1 GInC45-18.45 Hz 346 Estimated
GInC4D43-2 GInC45+16.45 Hz 34.6 GInC4D43-171.0
GluC4 GluC4S 34.3-34.4 ppm 0.0 Estimated
GluC4D43-1 GluC453+16.3 Hz 343 Estimated
GluC4D43-2 GluC45+18.3 Hz 343 GluC4D43-171.0
GInC2 GInC25 55.15-55.25 ppm 0.0 Estimated
GInC2D23-1 GInC25+17.45 Hz 34.6 Estimated
GInC2D23-2 GInC25-17.45 Hz 346 GInC20D23-171.0
GInC2D21-1 GInC25+25.7 Hz 0.0 Estimated
GInC2D21-2 GInC25-27.7 Hz 0.0 GInC2021-171.0
GluC2 GluC2s 55.65-55.75 ppm 0.0 Estimated
GluC2D23-1 GUC25+16.3 Hz 343 Estimated
GluC2D23-2 GluC25-18.3 Hz 343 GluC2D23-171.0
GluC2D21-1 GUC25+25.7 Hz 0.0 Estimated
GluC2D21-2 GluC25-27.7 Hz 0.0 GluC2D21-1"1.0

© CIBM | Center for Biomedical Imaging

Lanz B, et al. Magn Reson Med. 2013
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PRIOR KNOWLEDGE - AMPLITUDES

& MRUIv4

[E=N Bl
File Edit Display Preprocessing Quantitation Custom Options Window Help
[0 B I | Mode 1D/ Time Series | ||1/| =001 10

1D mo

Prior Knowledge

L

-l |

File \iew

DataBase

Starting Values | Prior Knowledge |/ Overall Phases

® Sort by Parameter

) Sort by Peak

GIUC3S - amplitude - estimated

GIUC3T1 - amplitude - estimated

GIUC3D1 - amplitude - fixed ratio - GluC3D2*1.0
GIuC3D2 - amplitude - estimated

GIuC3T2 - amplitude - fixed ratio - GluC3T1*0.5
GIUC3T3 - amplitude - fixed ratio - GIUC3T 1°0.5
GIuC45 - amplitude - estimated

GluC4D1 - amplitude - fixed ratio - GluC4D2*1.0
GIUC4D2 - amplitude - estimated

GIUC2S - amplitude - estimated

GluC2D23-1 - amplitude - estimated

GIuC2D23-2 - amplitude - fixed ratio - GluC2D23-1*1.0
GluC2D21-1 - amplitude - estimated

GluC2D21-2 - amplitude - fixed ratio - GluC2D21-1*1.0
GINCZS - amplitude - estimated

GINC2D23-1 - amplitude - estimated

GINC2D23-2 - amplitude - fixed ratio - GInC2D23-1*1.0
GINC2D21-1 - amplitude - estimated

GINC2D21-2 - amplitude - fixed ratio - GInC2D21-1*1.0
GINC4S - amplitude - estimated

GINC4D43-1 - amplitude - estimated

GINCAD43-2 - amplitude - fixed ratio - GInC4D43-1*1.0
GINC3S - amplitude - estimated

GINC3D43-1 - amplitude - estimated

GINC3ID43-2 - amplitude - fixed ratio - GInC3D43-1*1.0
GINC3T1 - amplitude - fixed ratio - GINC3T2*0.5
GINC3T2 - amplitude - estimated

Glu-C2 GIn-C2
¢ S
D23 S
D21, | —B23

Sy

55.8

g

S
D23
A A A DD befautt

GABA-C2

55.4 55.0 Delete

Glu-C4 S
D43

D45

3565

35.0

D|—|
HRGr

34.5 34.0

Glu-C3
u GIn-C3

[ ——
T

Default Quantitation

n

N

28.2 27.8

274

27.0

L 1

4]
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PRIOR KNOWLEDGE - RELATIVE PHASE h‘!.’gm

& MRULv4 BN ER 55 '[emerfnr Biomedical Imaging

File Edit Display Preprocessing Quantitation Custom Options Window Help

@ =g Mode 1D / Time Series jMRU| vd
Tl Erz

1D mo Prior Knowledge
File View | DataBase

Starting Values | Prior Knowledge r Owverall Phases

® Sort by Parameter () Sort by Peak
GIUC3S - relative phase - fixed - 0.0

GIUC3T1 - relative phase - fixed - 0.0

GIUC3D1 - relative phase - fixed - -34.3

GIUC3ID2 - relative phase - fixed - 34.2

GIUC3ITZ - relative phase - fixed - -68.5

GIUC3T3 - relative phase - fixed - 68.5

GIUCAS - relative phase - fixed - 0.0

GIuC4D1 - relative phase - fixed - -34.3

GluC4D2 - relative phase - fixed - 34.3

GIUC2S - relative phase - fixed - 0.0

GIUC2D23-1 - relative phase - fixed - -34.3
GIUC2D23-2 - relative phase - fixed - 34.3
GIUC2D21-1 - relative phase - fixed - 0.0
GIuC2D21-2 - relative phase - fixed - 0.0
GINC2S - relative phase - fixed - 0.0
GINC2D23-1 - relative phase - fixed - -34.6
GINC2D23-2 - relative phase - fixed - 34.6
GINC2D21-1 - relative phase - fixed - 0.0
GINC2D21-2 - relative phase - fixed - 0.0

GINC4S - relative phase - fized - 0.0
GINC4AD43-1 - relative phase - fixed - 34.6
GINC4D43-2 - relative phase - fixed - -34.6
GINC3S - relative phase - fixed - 0.0
GINC3D43-1 - relative phase - fixed - 34.6
GINC3D43-2 - relative phase - fixed - -34.6
GINC3T1 - relative phase - fixed - -69.1
GINC3TZ - relative phase - fixed - 0.0

[ »

1]

© CIBM | Center for Biomedical Imaging CiIBM.CH




PRIOR KNOWLEDGE - LINEWIDTH h‘!.’gm

& JMRUTv = 2 5™ 'Eemerfnr Biomedical Imaging

File Edit Display Preprocessing Quantitation Custom Options Window Help

@ =g Mode 1D | Time Series jMRUl vl

1D mod Prior Knowledge -
File ‘View || DataBase

Starting Values | Prior Knowledge |/ Owverall Phases

@ Sort by Parameter i) Sort by Peak
GIUC3S - line width - fized shift - GluC45+0.0

GIUCIT1 - line width - fied shift - GIuC45+0.0

GIUCID1 - line width - fixed shift - GluC45+0.0

GIUCIDZ - line width - fixed shift - GluC45+0.0

GIUC3T2 - line width - fixed shift - GluC45+0.0

GIUC3T3 - line width - fixed shift - GluC45+0.0

GIuCAS - line width - estimated

GIUCADA - line width - fixed shift - GluC45+0.0

GIUCADZ - line width - fixed shift - GluC45+0.0

GIUCZS - line width - fixed shift - GluC45+0.0

GIUCZDZ3-1 - line width - fixed shift - GuC45+0.0
GIUCZDZ3-2 - line width - fixed shift - GluC45+0.0
GIUCZDZ1-1 - line width - fixed shift - GluC45+0.0
GIUCZDZ1-2 - line width - fixed shift - GlUC45+0.0
GINCZ2S - line width - fixed shift - GluC45+0.0
GINC2D23-1 - line width - fixed shift - GluC45+0.0
GINC2D23-2 - line width - fixed shift - GluC45+0.0
GINC2D21-1 - line width - fixed shift - GluC45+0.0
GINC2D21-2 - line width - fixed shift - GuC45+0.0

GINCAS - line width - fixed shift - GluC45+0.0
GINCAD43-1 - line width - fixed shift - GluC45+0.0
GINCAD43-2 - line width - fixed shift - GluC45+0.0
GINC3S - line width - fixed shift - GluC45+0.0
GINC3D43-1 - line width - fixed shift - GuC45+0.0
GINC3ID43-2 - line width - fixed shift - GlUC45+0.0
GINC3T1 - line width - fied shift - GIuC45+0.0
GINC3IT2 - line width - fixed shift - GluC45+0.0

[ »

1]

© CIBM | Center for Biomedical Imaging ciBM.CH




PRIOR KNOWLEDGE - FREQUENCY

2 jWRUIve
File Edit Display Preprocessing Quantitation Custom

10 mo Prior Knowledge :

Options  Window Help

Lo/ )

Mode 1D | Time Series ] MRUI| v4

File Yiew | DataBase

Starting Values | Prior Knowledge |/ Owverall Phases

@ Sort by Parameter

i) Sort by Peak

GIUC3S - frequency - soft constraints - 27.8 - 7.9

GIUC3T1 - frequency - fixed shift - GluC35+-2.0
GluC3D1 - frequency - fixed shift - GlUC3%+16.3
GluC3D2 - frequency - fixed shift - GluC3S+-18.3
GIluC3T2 - frequency - fixed shift - GluC3IS+32.6
GIUC3T3 - frequency - fixed shift - GluC35+-36.6
GIUCA4S - frequency - soft constraints - 34.3 - 34.4
GluC4D1 - frequency - fixed shift - GlUC45+16.3
GluC4D2 - frequency - fixed shift - GluC45+-18.3
GIUCZS - frequency - soft constraints - 55.65 - 55.75
GluC2D23-1 - frequency - fixed shift - GluC25+16.3
GluC2D23-2 - frequency - fixed shift - GluC25+-18.3
GluC2D21-1 - frequency - fixed shift - GluC25+25.7
GIUC2D21-2 - frequency - fixed shift - GIUC25+-27.7
GINCZS - frequency - soft constraints - 55.15 - 55.25
GINC2D23-1 - frequency - fixed shift - GInC25+17.45
GINC2D23-2 - frequency - fixed shift - GINC25%5+-17.45
GINC2D21-1 - frequency - fixed shift - GINC25+25.7
GInC2D21-2 - frequency - fixed shift - GInC2%5+-27.7
GINC4S - frequency - soft constraints - 31.74 - 31.84
GINC4D43-1 - frequency - fixed shift - GINC45+-18.45
GINC4D43-2 - frequency - fixed shift - GINC45+16.45
GINC3S - frequency - soft constraints - 27.15 - 27.25
GINC3ID43-1 - frequency - fixed shift - GIC35+-18.45
GINC3D43-2 - frequency - fixed shift - GINC3%5+16.45
GINC3T1 - frequency - fixed shift - GInC35+32.9
GINC3T2 - frequency - fixed shift - GInC3S+-2.0

Glu-C2
S

—

GIn-C2

S
D23
—

jﬁ—\ r__D|2 1
S Umﬂm\fﬁ

55.8

g

Default Quantitation

GABA-C2

S
D23
vl DD

55.4 55.0
Glu-C4 S
D43

D45

35I.5 BEIS.O
D
i) 75
n

34.5 34.0

Glu-C3
u GIn-C3

[ ——
T

N

28.2 27.8

274 27.0

elete

I

1]
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RESULTS &

& JMRUTv4 = =R ' Center for Biomedical Imaging

File Edit Display Preprocessing Quantitation Custom Options Window Help

N2 H =2 a3 a Mode 1D | Time Series

Results 1D mode - obsdept_07_conj-hard_sum.mrui
File View Options
Signals Algorithm parameters residus
ohsdept_07_conj-hard_sum.mrui || | Algorithm AMARES
Ierations 11
Points FID/Quant. B2468/4096
Samp.Int.{ms) 0024
|| | £Zero order (deqg) 0.0 +-0.0
Begin Time {ms) 0.00 fixed LT
Experiment ) ual components
Freq. selective an
Date 08/052014 Trunc. points 0
Directory work Askedfound 2871128
Residue St.D. 3.78E3
Calc. Time {(ms) 1242
pH Mot known —
Total Suppressed Amplit... [My2+] (imM) Mot known ]
esiirmate
Humerical Results
Marme Freg.(ppm) Linew (Hz) Amnplitude s, Amp. FPhaselded)
13-L GluCz2D.. 55976 f.08 f2.54 97 .58 0.o)*|
14-L GluCz20.. 55 446 f.08 f2.54 97 .58 0o
15-L GInC25 55202 f.08 1.368E3 12759 0o J\,\
16-L GInC20.. 55376 f.08 431.02 8274 -34 6
17-L GInG20.. 55029 f.08 431.02 8274 346
18-L GInC2D.. 55458 f.08 19.54 87 .80 0o o
18- L GInC2D.. 54927 f.08 19.54 87 .80 0o
20-L GInC45 31774 f.08 2 430E3 131.80 0o
21-L GInC4D.. 31.5580 f.08 5989 20 8227 346
22-L GInC4D.. 31.937 f.08 5989 20 8227 -34 6
23-L GInC38 27205 f.08 87862 214 57 0.0 _
24-L GInC3D.. 27022 f.08 541.78 86.81 34 6
25-L GInC3D.. 27369 f.08 541.78 86.81 -34 6
26- L GInC3Ti 27532 f.08 23059 277 -G9.1 T T T T T T T
27- L GInGaTz 27.185 £.08 46117 165.53 0.0 W 2 = Frgauenw (ppir”]) » e &
28-L GInC3T3 26.839 f.08 230.59 27T 91|~

© CIBM | Center for Biomedical Imaging ciBM.CH



RESULTS

2 jWRUIve
File Edit Display Preprocessing Quantitation Custom

N = H & o I e |

Results 1D mode - obsdept_07_conj-hard_sum.mrui

Options  Window Help

Mode 1D ! Time Series

File View Options
Signals Algorithm parameters
ohsdept_07_conj-hard_sum.mrui || | Algorithm AMARES

Iterations 11

Points FID/Quant. B258/4096

Samp.Int.{ms) 0024

__|| | fero order {dedg) 0.0+-00

Begin Time {ms) 0.00 fixed

E iment
Sl Freq. selective an

Date 09/05¢2014 Trunc. points a
Directory WOtk AsKkedfound 2arza

Residue St.D. 3.78E3
Calc. Time {ms) 1242

pH Mot known
Total Suppressed Amplit... [Mu2+] (mM) Kat known
Numerical Results

Mame Freg.(ppm) Linew (Hz) Amplitude sd. Amp. FPhaseided)

13-L GluG2D.. 55976 f.08 f254 47 .58 o.o)=|
14-L GluG2D.. 55 446 f.08 f254 47 .58 0o
15-L GInC28 55202 f.08 1.368E3 12759 0o
16-L GInC20.. 55376 f.08 431.02 B2.74 -34 6
17-L GInG20.. 55029 f.08 431.02 B2.74 34 6
18-L GInC20.. 55458 f.08 19.54 97 .80 0o
19-L GInC20.. 54927 f.08 19.54 97 .80 0o
20-L GInC45 31.774 .08 2.430E3 131.80 0.0
21-L GInC4D... 31.5850 .08 594,20 82.27 346
22-L GInC4D... 31.937 .08 594,20 82.27 -34.6
23-L GInC3s 27,2058 .08 a78.62 214.597 0.0
24-L GInC3D.. 27022 .08 541.78 86,81 346
25-L GInC3D.. 27.369 f.08 541.78 86,81 -34.6
26- L GInC3T1 27532 f.08 230.59 B2.77 -69.1
27 - L GInC3T2 27185 f.08 46117 165.53 0.0
28-L GInC3T3 26.839 f.08 230.59 8277 G3.1| -

regidue
indridual components
11 15
13 b 9
eatirate
original
ot N FAYN M/\l
v 7 o oW
T T T T T T T
a0 58 57 56 55 54 53 52
Freguency {ppm)
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TIME CURVES
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& MRUIv4
File Edit Display Preprocessing Quantitation Custom

N e @8d
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SAVE THE RESULTS AS .TXT FILE e!?gm

JMRUT V5L

File Edit Display Preprocessing Quantitation Custom Options Window Help

@Ii‘ Mode 1D/ Ti

Results 1D mode - obsdept_07_conj-hard.mrui ol v |
File | View Options
I "
r Algorithm parameters
| Open Results [ : _ Ig pa reside

Save This » i = | | Algorithm AMARES

Save Correlation Mat. [001-Mrui lterations 16

Save Al §| Save All Residues ~|| | points FIDIQuant. 118011120

Close Save All Estimates ||| samp.nt.(ms) 0.174

Save All backgrounds
Mode 1D 4 ||| Zero order {deg) 0.0 fixed
- - Save All Results hd o
Signal Information Begin Time (ms) 0.00 fixed .
~Expenment | =ave All as Text indfvidual components
Freq. selective on 7
Date Publish all
Trunc. points 0
Directory work Asked/found 28128 0
) Residue St.D. 311E2 ﬁ ﬁi ﬁ
Calc. Time {ms) 374
pH Mot known
Total Suppressed Amplitude [Mg2+] (mM) Not known
estirmate
r Numerical Results
Mame Freqg.(ppm) Damp.(Hz) Amplitude sd. Amp. Phase(deq)

1-L GluC3s 27.800 24.0/ 58.20] 56.02] 0.0] =~

2-L GluC3T1 27.780 24.0] 195.86 42.95] 0.0

3-L GluC3D1 27.962 24.0 166.16 2323 -34.3 /"“
4-L Gluc3D2 27.618 24.0/ 166.16 23.23| 34.2

5-L GluC3T2 28.124 24.0/ 97.93 21.48) -68.5]

G-L GIuC3T3 27436 24.0 97.93 2148 68.5|=

[7-L GluCc4s 34.300 24.0 569.03 38.11 0.0

[8-L GluC4D1 34.462 24.0/ 202.60 20.97] -34.3]

9-L GluC4D2 34118 24.0/ 202.60 20.97] 34.3

10-L GluC2s 55.650 24.0/ 166.73 32.98| 0.0] |

11-L GluC2D23-1 55.812 24.0/ 55.48] 23.34] -34.3]

12-L GluC2D23-2 55.468 24.0] 5§.48] 23.34] 34.3

13-L GluC2D21-1 55.905 24.0 0 23.85] 0.0

14-L GluC2D21-2 55.375 24.0 0 23.85] 0.0

15-L GInC2S 55.250 24.0] IS 32.30] 0.0

16-L GInC2D23-1 55.423 24.0 93.15 23.03| -34.6|_|

17 -L GInC2023-2 55077 240/ 9315 23.03] 24607
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