Hyperpolarized 13C MRI
via dissolution
Dynamic Nuclear Polarization

Arnaud Comment - Aarhus Training Course Oct 2026

© 2023 GE HealthCare. GE is a trademark of General Electric Company used under trademark license



Why hyperpolarizing 13C?
e No need to hyperpolarize H since human body contains 40 M 1H,0

e Other nuclei are however less concentrated and SNR is too low for MRI scans

e Carbon forms the backbone of most molecules involved in metabolic processes
e 13C exhibits large chemical shift dispersion
e Real-time detection of metabolic fluxes

e High contrast-to-noise ratio images
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Dynamic Nuclear Polarization (DNP)

e |n 1952, Overhauser predicted the
possibility to transfer the large electron
spin polarization to nuclear spins

e |n 1953, Carver and Slichter demonstrated
that nuclear spin polarization can indeed
be enhanced by electrons in metals and
liquids

e |n 1957, Jeffries showed that nuclear spins
can be polarized by electron spins using
forbidden transitions in paramagnetic
crystals

e |n 1958, Abragam introduced the concept
of “solid effect” to describe DNP in
diamagnetic solids containing free radicals
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DNP by solid effect

e Polarization transfer through “forbidden” transitions
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* Energy balance: i(v,-v )+ hv, = hv,
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Thermodynamic description of solid effect

*  Spin polarization: h(ve-v,)
_ hyB, ~ D
P = I T Electron
B Spin <
 Spin temperature: L System
- hy B,
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2k P T a

Coolant: polarized electron spins
Driving power: microwaves
« Dissipation: heat into liquid He bath

T, . is much shorter than T, |
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Thermodynamic description of thermal mixing

h(ve-0)

-

Dynamlc cooling of electron spins
(Redfleld 1955 and Provotorov 1961)
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Temperature and field dependence of DNP

* No quantitative theoretical model for DNP has been developed to date

e Qualitative trend provided by numerical solutions of Borghini model (Thermal mixing)
M. Borghini Phys. Rev. Lett 1968
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e Experimental results match theoretical predictions
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What is the optimal temperature for DNP?
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* |Inafield largerthan 3T, 101
electron spins are polarized to _ 9
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What is the ideal magnetic field for DNP?
* Because T, . becomes too short at higher fields, higher EPA concentration is needed
7 Tis most likely the optimal field
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Dissolution DNP for Hyperpolarized 3C MR
e Solid-to-liquid phase transition should be rapidly performed in high magnetic field

environment to maintain enhanced nuclear spin polarization = in situ dissolution
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Preclinical in vivo studies

J.H. Ardenkjeer-Larsen et al., PNAS 2003

197 GHz

7 T /1 K hyperpolarizer
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Preclinical in vivo studies

A. Comment et al. Concepts Magn. Reson. 2007 H.A.l. Yoshihara et al., PCCP 2017
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Hyperpolarized 3C MRI - Hardware for clinical research

SIGNA™ Premier with MNS

SPINlab™

ﬂl-g

Multi-Probe QC

Fluid
handler

Pharmacy

kitl Palrt'A

Pharmacy kit (consumable) required for

preparing injectable hyperpolarized 13C
F probes
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Clinical Hyperpolarized 3C MR Study - Work Flow

/ Pharmacy kit fill

ISO7 cleanroom or biohood

Load phar

macy
kitin SPINlab

1. Admix EPA with 13C-pyruvate

2. Insert mixture in sample vial

3. Fill and assemble pharmacy kit

\30 min/kit (can be frozen)/
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Draw solution
into syringe

1. Microwave irradiation
4 kits in parallel (3h/kit)

Q)issolve sample in hot watey

Place syringe on
power injector

§ Hyperpolarization \ ( 13C MRI \

1. Draw aliquot from syringe

2. Measure pH, T, pyruvate and
residual EPA concentrations

k Within 1 min /

1. Inject 13C-pyruvate solution

2. Perform 13C MRI scans

k Less than 5 min /
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Pharmaceutical compounding to produce sterile *C-pyruvate solution

* Three starting components: 1. 13C-pyruvic acid (1.15 mL) with EPA reagent (15 mM)
2. Water for injection (38 mL)
3. Excipient: NaOH solution (290 mM) with Tris buffer (160 mM) (36.5 mL)

* EPAreagent filtered down to few um: strong safety profile with a margin of safety > 1,000 fold
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Clinical studies with SPINlab™

* Single-use pharmacy kits were designed for SPINlab™ because the concept one
patient-one kit is the safest and widely accepted by regulatory bodies
worldwide

* Neither severe nor moderate adverse events reported on all received data
across about 2,500 injections of 3C-pyruvate doses into human subjects

* Each single dose is QC’ed prior to injection (T, pH, 3C-probe concentration,
residual radical concentration)

SPINIab™

Hyperpolarized 13C-pyruvate - Allreceived data as of 31 Dec 2025

Volunteers with Volunteers with Volunteers with Volunteers with
one or more two or more three or more four or more
injections injections injections injections

Healthy

463 218 52 35
volunteers

Pharmacy kit

Patient
volunteers

TOTAL 578 60

1103 360 78 25
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User removes cap and assemble
pharmacy kit in controlled environment 17

Class Il Biosafety cabinet
located in uncontrolled environment (MRI suite)

d

Major step towards standardization and commercialization

No need for local specialized GMP facility

Benefits:

Storage and
shipment (on dry ice)
of filled vial

Aseptic fill with active 13C-
drug and EPA excipient

New PK to enable central aseptic filling, dose storage, and shipment
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Clinical workflow for regulatory approval

] On-the day hospital assembly OC measurements
fill with 13C-probe Pharmacy kit assembly — , -

Hyperpolarised
13C-pyruvate dose

N Dedicated RF coils
Spectral-spatial excitation: Single-shot readout (eg spiral) = SRS ! for 13C MRI

1slice + 1 metabolite per exc Excitation @




MR metabolic imaging with hyperpolarized 3C-pyruvate

Resonances from [1-13C]pyruvate and its metabolic Time course for substrate and products
Ao products are clearly separated at 3T relates to metabolic fluxes
anine
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Enough signal to acquire image of individual
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Clinical Studies

Organs studied to date: prostate, brain,
liver, heart, lung, spleen, kidney, pancreas,
in fields including oncology, neurology and
cardiology

Active surveillance & critical clinical
decisions

* Tumor grading

* Heart failure

* Traumatic brain injury

Treatment response

* Radiotherapy

* Chemotherapy

* Immune therapy

* Therapies targeting cardiac metabolism

Early detection

* Organ-specific tumors

* Neurodegenerative diseases
* Liver diseases
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Can SNR be increased by increasing injected 3C-probe dose?

Pyruvate is typically injected at highly supraphysiological dose (about 10 times

physiological dose in humans and up to 100 times in animals)
This may alter the metabolic information obtained from the hyperpolarized 3C

SCans

LDH Pyruvate ALT
Lactate Alanlne

Case study: [1-13C]pyruvate liver
metabolism in healthy rats ( o< >0
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OO0 0000 e
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[1-13C]pyruvate liver metabolism in fasted rats
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Pyruvate dose study in rat liver

e Doses as low as 0.023mmol/kg were injected, leading to about 2 to 3-fold the normal
basal physiological level

e Alanine decreases in fasted state for all doses (consistent with Hu et al., Mol Imag Biol
2009)

e | Lactate b Alanine
0.6 — P-values: P-values:
> shift in intercept: 0.155 0.6 > shift in intercept: 0.001 **
a.E A® > shift in slope: 0.948 8 > shift in slope: 0.876 »
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GE HealthCare 2



Pyruvate dose study in rat liver

e Bicarbonate signal significantly

. P-values: 0.013
decreases in fasted state but  Zoi . gwnmecmroors  © oo ]
' > shift in slope: 0.004 ** 4
only apparent at lower doses o i g 001 4
5 0'20 i S 0.010 - .
o § 0.009
. . g L 2 0.008
e PDH is most likely saturated at %, | = 0007 - .
higher doses in fed state g S e :
:g: 0.05 — ... ® § 0.004 — ‘. o
. . E o ° g 0008 -
e |n fasted state, liver bicarbonate = : . S ooz (544
signal should provide a direct e e
relation to flux through PEPCK 000 005 010 045 020 025 030 000 005 010 015 020 025 0.0

e Results will depend on the
dose in fed state
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13C-probes that can be injected at physiological doses

Glucose
 Glucose and lactate blood concentration l
are on the order of mM Pyruvate
Lactate /.‘OO \ Alanine
[ Yo'®) ' Yo'®)
. Glucose
* Hyperpolarized 13C-glucose and 13C- T / -
lactate can be injected at physiological . S
dose : AcegyI—CoA
OO

PEP co? ¥ A
&Oxaloacetate Citrate
ATASA OOBOO
co?
@

Aspartate a-Ketoglutarate
Malate
@O0 0:0:0:0:0;
| 10100
A=A
. O GLU
Fumarate Succinate
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Real-time cerebral glucose metabolism

C1 Lactate I 13C polarization >20% at time of injection of hyperpolarized
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Real-time liver lactate metabolism

* Higher 13C polarization allows
injecting lower doses

* Injection of ImL of a 40mM
lactate solution in a 350g rat

* Plasma lactate concentration is
on the order of 1.5mM, which is
the physiological level in rats

* Lactate-to-pyruvate ratio is about
15, which is what one can expect
in the rat liver.

GE HealthCare

| C1 Lactate HZ®0,-
‘ [1-13C]fumarate
‘ [1-15 #]alanine CA [4-13C]fumarate
3
ALTI 80, TCA EH
[1-15 ¢]lactate ««— [1-/ “]pyruvate CyCIe [1-152]malate
’ , LDH PDH [4-5 “]malate
\ Miy
[1-13CJoxaloacetate (14 aspartate
PC [4-13C]oxaloacetate 451'_’ (4-Easpartate
PEPCK 13 <—>» H O,
C1 Pyruvate }’ A ?
Phosphoenolpyruvate — — - - glucose
C1 Aspartate
| | A. Gaunt et al., Angew. Chem. 2021
| | C1 Alanine

y .
| Il C1 Pyruvate Bicarbonate

| | hydrate

| |

| !

| | \ 4
l Yy A

185 180 175 170 165 160
13C Chemical Shift (ppm)

27



Minimizing delay between dissolution and injection into humans

e Rapid dissolution of large sample (1-2mL) + Neutralization (10s)

* Need to filter polarizing agents (radicals) out

* Transfer into QC syringe

* Fast Quality Control (T, pH, 3C-probe concentration, residual radical concentration)

* Can photo-induced polarizing agents help?

4 N

1 _ _* 3 _ _*
o ; 0 0 (]E:I
v |ISC
)‘\"/'DH - )’I\"/CIH » )H‘,':'H - )ﬁrGH
O O _ O _ O
K Pyruvic acid Lactyl radical /

T. R. Eichhorn, et al., PNAS 2013
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Spontaneous radical quenching upon dissolution
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Conclusions

* dDNP provides high level of 3C polarization enabling metabolic imaging in humans and it is
safe and versatile

* Depending on the metabolic pathways probed by HP 3C-pyruvate, the supraphysiological dose
from the bolus injection may not reflect the normal physiology: HP 13C-pyruvate is not a tracer
and 13C needs to be polarized to the highest level possible for 13C MRI since low polarization
cannot be compensated by increasing concentration (unlike in PET imaging)

* Because of their higher normal plasma levels, HP 13C-lactate and HP 13C-glucose experiments
can be performed while maintaining a physiological level but low metabolic product pool sizes
or shorter T, means that a large 13C polarization is still required

* Higher 3C polarization can be obtained by improving solid-state DNP but also by decreasing
the delay between dissolution and injection

 Photo-induced radicals would remove the need for radical filtration and enable producing
purely endogenous imaging agents

GE HealthCare 30



Acknowledgments

o A

eoceee Y

Adam Gaunt
Jennifer Lewis
Irene Marco-Rius
Tian Cheng
Andrea Capozzi
Emine Can
Tim Eichhorn
Jessica Bastiaansen
Yuhei Takado
Mor Mishkovsky
Najat Salameh

Hikari Yoshihara

Jean-Noél Hyacinthe
Jacques van der Klink

GE HealthCare

2.5 UNIVERSITY OF

{% CAMBRIDGE
Kevin Brindle
Friederike Hesse
Alan Wright
Felix Kreis
Dominique-Laurent Couturier

GE HealthCare

Albert Chen
':-é‘;% CANCER CAMBRIDGE
kY RESEARCH | INSTITUTE
Al UK

A

&

s

Mathilde Lerche
Magnus Karlsson

R E

X

L o
.........
......
...........
......
-----

PRI

European Research Council

=PFL

Rolf Gruetter
Christophe Roussel

UF [FLORIDA

Matthew Merritt

SNF

FONDS NATIONAL SUISSE
SCHWEIZERISCHER NATIONALFONDS
FONDO NAZIONALE SVIZZERO

Swiss NATIONAL SCIENCE FOUNDATION

31






	Default Section
	Slide 1: Hyperpolarized 13C MRI           via dissolution                 Dynamic Nuclear Polarization
	Slide 2: Why hyperpolarizing 13C?
	Slide 3: Dynamic Nuclear Polarization (DNP)
	Slide 4: DNP by solid effect
	Slide 5: Thermodynamic description of solid effect
	Slide 6: Thermodynamic description of thermal mixing
	Slide 7: Temperature and field dependence of DNP
	Slide 8: What is the optimal temperature for DNP?
	Slide 9: What is the ideal magnetic field for DNP?
	Slide 10: Dissolution DNP for Hyperpolarized 13C MR
	Slide 11: Preclinical in vivo studies
	Slide 12: Preclinical in vivo studies
	Slide 13: Hyperpolarized 13C MRI - Hardware for clinical research
	Slide 14: Clinical Hyperpolarized 13C MR Study - Work Flow
	Slide 15: Pharmaceutical compounding to produce sterile 13C-pyruvate solution 
	Slide 16: Clinical studies with SPINlab™
	Slide 17: New PK to enable central aseptic filling, dose storage, and shipment
	Slide 18: Clinical workflow for regulatory approval
	Slide 19: MR metabolic imaging with hyperpolarized 13C-pyruvate
	Slide 20: Clinical Studies
	Slide 21: Can SNR be increased by increasing injected 13C-probe dose?
	Slide 22: [1-13C]pyruvate liver metabolism in fasted rats
	Slide 23: Pyruvate dose study in rat liver
	Slide 24: Pyruvate dose study in rat liver
	Slide 25: 13C-probes that can be injected at physiological doses 
	Slide 26: Real-time cerebral glucose metabolism
	Slide 27: Real-time liver lactate metabolism
	Slide 28: Minimizing delay between dissolution and injection into humans
	Slide 29: Spontaneous radical quenching upon dissolution
	Slide 30: Conclusions
	Slide 31: Acknowledgments
	Slide 32



   𝑻 𝑺 =   ħ 𝛾  B 0    2  k B 𝑷


  𝑷 =   ħ 𝛾  B 0    2  k B 𝑻


   T  1 , e


   𝑷  e q =   ħ 𝛾  𝑩 𝟎    2  k B 𝑻

