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Clinical Imaging

MRI (7T, 3T 1.5T)
PET/MRI
Hyperpolarised carbon-13
Xenon Polariser
PET/CT, SPECT/CT
CT
Ultrasound
Photoacoustic Imaging
Radiopharmacy Unit
Radiochemistry Unit
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Integrating metabolic imaging into the clinic across scales
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Hyperpolarised Carbon-13 MRI
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Early treatment response

TECHNICAL REPORTS i

medicine
Detecting tumor response to treatment using
hyperpolarized 13C magnetic resonance imaging
and spectroscopy

Sam E Dayl’s, Mikko I Kettunen!?, Ferdia A Gallagherl’z, De-En Hu!, Mathilde Lerche?, Jan Wolber?,
Klaes Golman?, Jan Henrik Ardenkjaer—Larsen4 & Kevin M Brindle!

Tumour grading

Biomarkers for Prostate Cancer Detection and Grading

Mark J. Albers,” Robert Bok,” Albert P. Chen,’ Charles H. Cunningham,’ Matt L. Zierhut,”

. 2 4 5 ] . 5
Vickie Yi Zhang, Susan J. Kohler, James Tropp, Ralph E. Hurd,” Yi-Fen Yen,
12 . . 12 . 12
Sarah J. Nelson, ™ Daniel B. Vigneron, ~ and John Kurhanewicz
'Department of Bioengineering, University of California San Francisco and University of California Berkeley; *Department of Radiology and

Biomedical Imaging, University of California San Francisco, San Francisco, California; *Sunny Brook Health Sciences Centre, Toronto,
Ontario, Canada; ‘Union College, Schenectady, New York; and *GE Healthcare, Menlo Park, California
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Hyperpolarisation: translation to humans
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The path towards clinical utility for hyperpolarized 3C-MRI
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Regulatory Issues

Good Clinical Practice (GCP)
— International quality standard, which governments transpose into regulations for clinical trial

— International Council for Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH)

— Courses

— Certification (usually 3y)

Regulatory Authorities:

— Food and Drug Administration (FDA)

— Medicines and Healthcare Products Regulatory Agency (MHRA)
— Federal Institute for Drugs and Medical Devices (BfArM)

— Danish Medicines Agency (DKMA)

— European Medicines Agency (EMA)

Medicines vs Medical Devices

Clinical Trial of an Investigational Medicinal Product (IMP, CTIMP or IND in US)
Physiological Study

MHRA Algorithm



IS IT A CLINICAL TRIAL OF A MEDICINAL PRODUCT?

This algorithm and its endnotes will help you answer that question. Please start in column A and follow the instructions. Additional information is provided in the notes at the
end of the table. If you have doubts about the answer to any of the questions, contact the MHRA clinical trials unit.

A

l c

D

E

A CLINICAL TRIAL OF A MEDICINAL PRODUCT?

A NON-INTERVENTIONAL CLINICAL TRIAL?

Is it a medicinal product (IMP)?'

Is it not a medicinal
product?

What effects of the
medicine are you looking
for?

Why are you looking
for those effects?

How are you looking for those effects?

If you answer no to all the
questions in column A, the activity
is not a clinical trial on a MP.

If you answer yes to any of the
questions below go to column B.

If you answer yes to the
question below in column
B the activity is not a
clinical trial on a MP.

If you answer no to this
question below go to
column C.

If you answer no to all the
questions in column C the
activity is not a clinical trial
under the scope of SI 1031.

If you answer yes to any of
the questions below go to
column D.

If you answer no to all
the questions in column
D the activity is not a
clinical trial under the
scope of Sl 1031.

If you answer yes to any
of the questions below
go to column E.

If you answer yes to all these questions the activity is a
non-interventional trial which is outside the scope of SI
1031. If your answers in columns A,B,C & D brought
you to column E and you answer no to any of these
questions the activity is a clinical trial within the scope
of the Directive.

A.1 Is it a substance’ or
combination of substances
presented as having
properties for treating or
preventing disease in human
beings?

B.1 Are you only
administering any of
the following
substances?

* Human whole bloodii;

* Human blood cells;

A.2 Does the substance function
as a medicine? i.e. can it be
administered to human beings
either with a view to restoring,
correcting or modifying
physiological functions by
exerting a pharmacological,
immunological or metabolic
action or to making a medical
diagnosis or is otherwise
administered for a medicinal
purpose?

* Human plasma;

« Tissues except a
somatic cell therapy
medicinal productV;

« A food product
(including dietary
supplements) not
presented as a
medicine;

« A cosmetic product"i;

» A medical device

A.3 Is it an active substance in a
pharmaceutical form?

C.1 To discover or
verify/compare its
clinical effects?

C.2 To discover or
verify/compare its
pharmacological
effects, e.g.
pharmacodynamics?

C.3 To identify or
verify/compare its
adverse reactions?

C.4 To study or
verify/compare its
absorption, distribution,
metabolism or
excretion?

D.1 To ascertain or
verify/compare the
efficacyVi of the
medicine?

D.2 To ascertain or
verify/compare the
safety of the
medicine?

E.1 Is this a study of one or more medicinal products,
which have a marketing authorisation in the UK?

E.2 Are the products prescribed in the usual manner in
accordance with the terms of that authorisation?

E.3 Does the assignment of any patient involved in the
study to a particular therapeutic strategy fall
within current practice and is not decided in
advance by a clinical trial protocolvii?

E.4 |Is the decision to prescribe a particular medicinal
product clearly separated from the decision to
include the patient in the study?

E.5 Will no diagnostic or monitoring procedures be
applied to the patients included in the study, other
than those which are applied in the course of
current practice?

E.6 Will epidemiological methods be used for the
analysis of the data arising from the study?




Regulatory Issues

Manufacture
— Where this happens is key
— pH changes are usually not regarded as manufacture
Good Manufacturing Practice
— GMP: traceable, safe, pure, effective
proper design, monitoring and control of the manufacturing processes, facilities and product
— Clinical grade: suitable for clinical (therapeutic) use
Quality Control vs Quality Assurance
— QC: process of ensuring products meet expectations
— QA: set of processes used to measure and assure the quality of a product
Release
— May involve a qualified person (QP)
Exemptions
— Injection under Section 9 of the Medicine Act 1968 (exemptions for doctors)

Befriend a pharmacist






Process in Cambridge

For non-CTIMP e.g. Physiological Studies
e Filling of fluid paths/pharmacy kits as raw material
e Frozen and stored (3 months stability)
e Environmental monitoring assessment from laminar flow hood
e Pharmacist signs off (QA check)
e Mixed in SpinLab is the point of manufacture
e QC checks before injection into patients including pH
e Sterility + endotoxin samples taken and analysed retrospectively

e |njection under Section 9 of the Medicine Act 1968 (Exemptions for doctors) i.e.
doctor takes responsibility to administer the product



QC and release

Pyruvate concentration 220 to 280 mM

5.91t09.0
EPA concentration <3.0 uM
Temperature 25.0t039.0 °C
Time from start to
. . Any
dissolution
=40 mL

Volum
olume (for volumes less than 40mL the decision to inject

is left to the discretion of the clinical lead)

=15%

Hyperpolarization

(for polarization less than 15% the decision to
inject is left to the discretion of the clinical lead)




. . Coronary artery “
Patient issues  15-20s/25mM

Lung vessels
5-15s /25 mM

Heart chambers

Y = [%ZF[ 3-4 s /25 mM

=R

Injection
0s/0.25M

TS .
SN W Wl 25s/25mm

Cardiac output 6 L/min
Injection at 5 ml/s




Study Design and Approvals

After/while funding is acquired:

MISSION-Prostate UNIVERSITY OF Cambridge University Hospitals INHS |
Version 2.0, 30 October 2019 ¥ CAMBRIDGE NHS Foundation Trust
IRAS Project ID: 196902
Stu dy Set u p: Title: A physiological study comparing hyperpolarised carbon-13 Department of Radiology
. labelled pyruvate (}33C-pyruvate) metabolism and sodium MRI in Box 218, Level 5
¢ Tltle . M ISSI O N prostate cancer and normal prostate tissue Addenbrooke’s Hospital
. Hills Road
°
HypOtheSIS Short Title: MISSION-Prostate (Molecular Imaging and Spectroscopy Cambridge CB2 2QQ
° with Stable Isotopes in Oncology and Neurology — Imaging
BaCkgrou n d metabolism in prostate) Tel: 01223 336890

* Primary/Secondary objectives
e Study Design: flow chart

* Sample size/statistics

* Inclusion/exclusion criteria

* Serious Adverse Events (SAEs) m

Review: Health Research

— Research & Development office (R&D)

— Research Ethics Committee AUthority

— Health Research Authority
— Local Approvals
— Site Initiation Visit



3.

Study Flow Chart

Study Flow Chart

For surgery and hormone therapy patients

-

Standard-of-care MRI scan and confirmed diagnosis of prostate cancer

\ 4

Screening of patients through MDT

A 4

Patient approached through

clinic and consented to study

A4

MRI scan with successful 3C-pyruvate injection with optional repeat scan and successful
injection within seven days of baseline

A 4

For surgery patients

A 4

Standard-of-care surgery with
possible peri-procedural biopsies

A4

For advanced tumour patients
undergoing hormone therapy

A 4

[

At six weeks following initiation of
hormone therapy, MRI scan with
successful 23C-pyruvate injection




Top tips

Make sure your objective is clear

Befriend a statistician: power the study

Make as flexible as possible:

— Up to X participants

— Timing: Y-Z days

— Order of studies

— Optional elements

Keep consent as wide as possible
Involve your clinical colleagues
Anonymisation

Data storage and archiving

Collect as much data as possible
— Clinical

— Imaging

— Liquid biomarkers

— Annotated/curated data

— Tissue: frozen and FFPE

Statistical Concepts Series

John Eng, MD Sample Size Estimation: How
Many Individuals Should Be
LT;Z?(;;;;";;id radiologists, research studied? 1

Statistical analysis

Published online

10.1148/radiol.2272012051 o q q q
Radiology /zr;o'; 527:309-313 The number of individuals to include in a research study, the sample size of the

study, is an important consideration in the design of many clinical studies. This
article reviews the basic factors that determine an appropriate sample size and
provides methods for its calculation in some simple, yet common, cases. Sample size

Radiology

' From the Russell H. Morgan Depart-
ment of Radiology and Radiological . . .. L. [y 5
Science, Johns Ho%ykim University,gsoo is closely tied to statistical power, which is the ability of a study to enable detection

N Wolfe St, Central Radiology Viewing of a statistically significant difference when there truly is one. A trade-off exists
Area, Rm 117, Baltimore, MD 21287. between a feasible sample size and adequate statistical power. Strategies for reduc-
Received December 17, 2001; revision . h le si hil N . bl il also b
requested January 29, 2002; revision ing the necessary sample size while maintaining a reasonable power will also be
received March 7; accepted March 13. discussed.

Address correspondence to the au- © RSNA, 2003

thor (e-mail: jeng@jhmi.edu). !

© RSNA, 2003

Annals of Oncology Advance Access published August 12, 2015

Annals of Oncology 00: 1-6, 2015

O ri g i nal artiC|e doi:10.1093/annonc/mdv289

Prospective study evaluating the relative sensitivity of
18F_NaF PET/CT for detecting skeletal metastases from
renal cell carcinoma in comparison to multidetector CT
and °°™Tc-MDP bone scintigraphy, using an adaptive
trial design

E. L. Gerety', E. M. Lawrence?, J. Wason3, H. Yan?, S. Hiloorne?, J. Buscombe?, H. K. Cheow™4,

A. S. Shaw!, N. Bird®, K. Fife8, S. Heard?, D. J. Lomas'2, A. Matakidou®7, D. Soloviev?, T. Eisent:8.
&F. A. Gallagher'2



Biological validation: integrating imaging and pathology

Crispin-Ortuzar M et al JCO CC/ 2020 4:736



Biological drivers of signal of hyperpolarised signal
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Hyperpolarised Carbon-13 MRI

Lactate
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Non-oxidative Pyruvate
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Normal brain metabolism

T, weighted Pyruvate Lactate Bicarbonate
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Grist Neuroimage 2019; 89:171-179.




Metabolic heterogeneity in glioblastoma

Non-oxidative Oxidative
400 800
INABP
—GB fit
< 300 600 NABP fit
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z
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Lactate to pyruvate ratio Bicarbonate to pyruvate ratio
Lactate/pyruvate ratio
Normal appearing
Tumor ' Normal appearing brain parenchyma * Intratumoral and interpatient heterogeneity

brain parenchyma Tumer
* Bicarbonate/pyruvate ratio reduced in all

tumors compared to normal appearing brain

* Increased glycolytic and oxidative metabolism
distant from tumour, compared to volunteers

Lactate/pyruvate ratio x103
Zaccagna et al. Radiol Imaging Cancer 2022;4(4):e210076



pHy =7.35-7.45

pHe = 7.30-7.40

pHc = 7.00-7.20

Human brain pH measured with pyruvate
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Prostate

o

Imaging tumour aggressiveness

Lactate SNR

Pyruvate SNR

Renal
%GP4 and lactate SNR
ps=0.651
. P=0.025
o Breast

Percent Gleason pattern 4, %
g

o

10 20 30 40 50
Lactate SNR

Nikita Sushentsev, Tristan Barrett et al.
Nat Commun. 2022; 13(1):466

Metabolic imaging can identify aggressive tumours

0.020

0.015

0.010

Median kp|_

0.005

a 0.0004
Onc RCC3 RCC2 RCC6 RCC5 RCC4 Phae LS

WHO/ISUP Grade
2
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Target biopsies to areas of increased metabolism

Prostate Cancer Clear Cell Renal Cell Carcinoma
Pathology T2WI
Anaiomyirnage
Pyruvate SNR Lactate SNR

Metabolic imaging can guide biopsies to tissue of greatest biological interest

Nikita Sushentsev et al. Eur Radiol. 2022 Oct;32(10):7155-7162 Ines Horvat-Menih et al. Cancers. 2025;17(4):569



Predicting biochemical recurrence in prostate cancer
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Increased lactate before prostatectomy correlates with later biochemical recurrence

Nikita Sushentsev, Tristan Barrett et al. PNAS 2023; 120(49) AstraZeneca



Early response to neoadjuvant chemotherapy
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Very early increase in lactates correlate with pathological response to standard therapy

Woitek R et al. Cancer Res. 2021 Dec 1;81(23):6004-6017.



Emerging Hyperpolarised Probes

* Probing new biology M Biological mechanism

* Translate recipes for human dose levels  2.13¢ pyryvate Citric acid cycle
* Toxicity Urea Perfusion
— Probes not tracers :
Fumarate Necrosis
— Small animal studies _ _
_ Large animal studies Acetate Fatty acid synthesis
— Volunteer studies outside of the magnet?  Bicarbonate Extracellular pH
— Volunteer imaging in the MR? Lactate Glycolysis

— Patient imaging a —ketoglutarate  Multiple reactions



Normalized

[1,4-13C,]Fumarate to detect necrosis
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Translating novel imaging methods into healthcare

Novel technology

A
New biology Clinical need
Biological validation . o
Technical Biological Cost
. . . (qssa).l) and.clin_ical effectiveness
Technical validation ol validation

Imaging biomarker evaluated in vitro, in animals and in humans

Methods need to be simple

Translational gap 1

Tra i ] Sta ff Imaging biomarker is a reliable measure used to test hypotheses
in clinical cancer research
Educate clinical colleagues Translational gap 2
o . . Imaging biomarker routinely used in the management of patients with cancer
Enable mUItISIte StUdleS within the healthcare system

Health economic assessment O’Connor et al.
Nat Rev Clin Oncol 2017



Multiscale, Multimodal, Multi-omic imaging
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Potential clinical roles for metabolic MRI in oncology

Tumour stratification based on metabolism
Assessing metabolic heterogeneity
Targeting biopsies

Early treatment response monitoring
Guiding radiotherapy

Longitudinal imaging

Imaging patients most at risk of irradiation

Complementary to circulating biomarkers



Perspective is importa
predicting the future is difficult!
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Innovation: predicting the fu ¥ s difficult!
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- Amara’slaw: ' 20 1 6 Geoff Hinton: -
“We tend to overestimate the “People should stop training
effect of a technology in the === = ~ radiologists now - it's just completely
short run and underestimate = - obvious within 5 years deep learning is
_the effectinthelongrun” ~  going to do better than radiologists”
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