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Abstract

Introduction: Localised renal masses are an increasing burden on healthcare due to the rising 
number of cases. However, conventional imaging cannot reliably distinguish between benign 
and malignant renal masses, and  renal mass biopsies are unable to characterise the entirety 
of the tumour due to sampling error, which may lead to delayed treatment or overtreatment. 
There is an unmet clinical need to develop novel imaging techniques to characterise renal 
masses more accurately. Renal tumours demonstrate characteristic metabolic 
reprogramming, and novel MRI methods have the potential to detect these metabolic 
perturbations which may therefore aid accurate characterisation. Here we present our study 
protocol for the Investigation of the differential biology of Benign and Malignant renal masses 
using advanced magnetic resonance imaging techniques (IBM-Renal).

Methods and analysis: IBM-Renal is a multi-arm, single-centre, non-randomised, feasibility 
study with the aim to provide preliminary evidence for the potential role of the novel MRI 
techniques to phenotype localised renal lesions. 30 patients with localised renal masses will 
be recruited to three imaging arms, with 10 patients in each: (1) hyperpolarised [1-13C]-
pyruvate MRI (HP 13C-MRI), (2) deuterium metabolic imaging (DMI), and (3) sodium MRI 
(23Na-MRI). The diagnosis will be made on samples acquired at biopsy or at surgery. The 
primary objective is to investigate whether novel MRI techniques can identify the differences 
between benign and malignant tumours, while the secondary objectives aim to assess how 
complementary the techniques are, and if they provide additional information. Exploratory 
objective will be to link imaging findings with clinical data and molecular analyses for biological 
validation of the novel MRI techniques.

Ethics and dissemination: This study was ethically approved (UK REC HRA: 22/EE/0136; 
current protocol version 2.1 dated 11/08/2022). The plans for dissemination include 
presentations at conferences, publications in scientific journals, a doctoral thesis, and patient 
and public involvement.

Registration details: ClinicalTrials.gov: NCT06016075

Strengths and limitations of this study
 IBM-renal is the first prospective study to investigate the role of deuterium metabolic imaging 

and sodium MRI for the characterisation of indeterminate renal masses.
 Combining different MRI techniques in the same patient will allow a direct comparison and 

determining whether they provide additional data.
 The clinical team is multidisciplinary, enabling a multimodal assessment of these renal 

masses, including clinical, imaging, pathology data.
 Limitations of the study include potential pathological undergrading of benign renal masses, as 

some of these diagnoses are based on a single biopsy.
 As a feasibility study, the sample size is small, but the primary outcomes can be used to 

inform a large-scale study.
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Introduction

Clinical need in management of localised renal masses:
The incidence of renal cancer has increased significantly during the last two decades, with 
13,322 new cases diagnosed annually in the UK, corresponding to an age-standardised 
incidence of 10.2 per 100,000 (1). The majority of these tumours are renal cell carcinomas 
(RCCs), which exhibit a variable degree of aggressiveness depending on the histology (2). 
Management options range from active surveillance through to radical surgical resection 
depending on the tumour type (3). An important unmet clinical need is that conventional 
imaging methods cannot reliably distinguish aggressive RCC subtypes from benign renal 
masses (4). Although an invasive renal mass biopsy is a key tool for discriminating 
radiologically indeterminate renal lesions, it is subject to sampling error which is particularly 
problematic in heterogeneous lesions. Biopsies may also be clinically challenging to perform, 
and are non-diagnostic in up to 20% of cases, which can result in either unnecessary or 
delayed surgery (3,5–7). Importantly, increased detection and improved management have 
not resulted in decreased mortality, suggesting there is an overdiagnosis and potentially 
overtreatment of benign renal tumours (1,8). As RCC remains one of the most lethal urological 
malignancies (9), there is a pressing need for novel methods to identify and characterise renal 
masses more accurately (10). 

Metabolic changes in RCC:
Renal cell tumours harbour significant metabolic perturbations and different histologic 
subtypes have distinct metabolic phenotypes. In clear cell renal cell carcinoma (ccRCC), the 
major genetic driver is the loss of the von Hippel-Lindau (VHL) tumour suppressor gene, which 
leads to accumulation of hypoxia-inducible factor 1 (HIF1) with downstream transcriptional 
activation of pathways involved in glycolysis (11,12). Metabolomic analyses have confirmed 
increased lactate labelling after [U‑13C]glucose infusion in ccRCC tumours compared to 
adjacent normal kidney with glycolysis increasing in a grade-dependent manner (13–15). On 
the other hand, renal oncocytomas, which are classified as benign renal masses, suppresses 
oxidative metabolism due to defective complex I within the mitochondrial electron transport 
chain (11,16–18). Therefore, it is not clear to what extent the ratio between glycolytic and 
oxidative metabolism varies between benign and aggressive renal neoplasms (17,19). 
Recently studies have also reported mitochondrial respiration defects in both renal 
oncocytoma and its malignant counterpart, chromophobe RCC (chRCC), with the potential for 
differentiation based on genomic, transcriptomic, and metabolic levels (16,17,20). The 
question to be addressed in this study is whether MRI can be used to differentiate between 
benign and malignant lesions such as oncocytoma, chRCC, and ccRCC, and therefore early 
detection of renal malignancies requiring intervention.

Imaging metabolism:
Building upon the evidence described above, we hypothesise that novel MRI imaging 
techniques can non-invasively characterise whole-tumour metabolism and its heterogeneity 
across renal tumours. The most common clinical tool for assessment of tumour metabolism 
uses a radiolabelled glucose analogue, 18F-FDG, in conjunction with positron emission 
tomography (18F-FDG-PET), but is limited by renal excretion of tracer and has failed to show 
success in characterising renal tumours (21,22). 99mTc-sestamibi in conjunction with Single-
Photon Emission Computed Tomography (SPECT) has been used to detect a variable degree 
of tracer uptake in renal oncocytoma compared to chRCC in a small number of patients, which 
has been attributed to the tracer accumulation in cells with high levels of mitochondria (23,24). 
However, both techniques expose patients to ionising radiation, have poor soft tissue contrast, 
and the inability to detect specific downstream metabolites or their metabolic 
compartmentalisation (25,26).
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Our multidisciplinary group are developing novel non-radioactive and non-invasive clinical 
tools for imaging tumour metabolism. For example, hyperpolarised [1-13C]-pyruvate MRI (HP 
13C-MRI), following injection of intravenous hyperpolarised 13C-pyruvate, can be used to 
simultaneously detect glycolytic metabolism in the cytosol and oxidative metabolism in the 
mitochondria in tissue where there is sufficient metabolism (27). Two recent papers have 
shown that 13C-lactate labelling can be used to distinguish high grade ccRCC from lower grade 
tumours, driven by the pyruvate transporter (MCT1) (28). Furthermore, a case of a renal 
oncocytoma displayed the lowest pyruvate-to-lactate conversion compared to a range of 
malignant masses, including ccRCCs, suggesting that this may be a tool for discriminating 
these lesions (28).

More recently, we have implemented deuterium (2H) metabolic imaging (DMI) at clinical field 
strength as an alternative method for non-invasive detection of metabolism using orally 
administered deuterated glucose (29). This method can also be used to detect cytosolic lactate 
formation and mitochondrial oxidative metabolism, and is complementary to the information 
provided by HP 13C-MRI (30,31). We have undertaken this in the brain at clinical field strength 
(3T) and will apply it to the kidney in this study using dedicated hardware to assess whether 
differential glucose metabolism can be used to differentiate benign from malignant lesions.

Imaging cellularity and structure:
To complement the metabolic measurements, we will evaluate non-invasive methods to 
distinguish benign from malignant lesions based on differences in cellularity on histology. 23Na-
MRI is a complementary tool to probe tissue structure as a measure of the tissue sodium 
concentration which is a function of cellularity due to the concentration gradient across the cell 
membrane. The method can also be used to extract an intracellular-weighted component of 
the sodium pool as a measure of the transmembrane sodium gradient (32). In the presence 
of hypoxia, the sodium/potassium adenosine triphosphate pump (Na+/K2+-ATPase) may be 
inhibited, leading to alterations in the sodium concentration (32,33). We have previously 
shown how 23Na-MRI can be used to demonstrate the Na+ gradient across the 
corticomedullary axis in the normal kidney and how this can be used to assess dynamic 
changes in renal sodium (33). We have also recently developed a novel birdcage MRI coil 
system for high resolution 23Na-MRI of the normal kidneys (34), which we will apply to imaging 
focal renal pathology as part of this study. We have shown the potential of 23Na-MRI in several 
cancer types, correlating with cellularity on histology, and will apply this to small renal masses 
for the first time here (35,36).

In addition, we have developed complementary 1H-MRI methods to quantitatively map T2 
relaxation properties within tissue for assessment of diffuse renal disease (37). Here we will 
assess whether these can distinguish benign from malignant lesions. These parameters are 
dependent on the local tissue chemical properties and reflect the microenvironmental 
differences between benign and malignant disease.

Rationale for the study:
This pilot project will explore the role of multimodal MRI in characterising localised renal 
masses and how it can exploit the known biological differences between benign and malignant 
lesions. The project will assess if MRI can probe structure, function, and metabolism within 
the tumour and its microenvironment using three techniques:

1) HP 13C-MRI as a non-invasive measure of tissue metabolism following injection of 
hyperpolarised 13C-pyruvate to probe tumour lactate labelling. 

2) DMI as an alternative method to probe both glycolytic and oxidative metabolism 
following oral deuterium labelled glucose to detect both lactate and the combined 
signal from glutamine+glutamate (Glx).

3) Measures of the tumour cellularity, heterogeneity, and membrane ion gradients using 
23Na-MRI and fast, high-resolution measures of T2 relaxation.
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The aim is to provide preliminary evidence for the potential role of these techniques to 
phenotype localised renal lesions and how they can be used as part of a larger multicentre 
study. The ultimate goal is to provide non-invasive tools for early detection of small aggressive 
renal tumours to enable timely surgical intervention.
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Methods and analysis
The study is reported in accordance to Standard Protocol Items: Recommendations for 
Interventional Trials (SPIRIT) checklist (38).

Study design and objectives
The IBM-Renal (Investigation of differential biology of Benign and Malignant Renal masses 
using advanced magnetic resonance imaging techniques) study is designed as a feasibility 
study to acquire preliminary data to optimise future imaging protocols, and will be conducted 
as a non-randomised, physiological imaging study in patients with localised renal masses. The 
study will be conducted at a single site: Addenbrooke’s Hospital, Cambridge University 
Hospitals NHS Foundation Trust. For all imaging studies, the primary objective will be to 
investigate whether the methods can identify the differences between benign and malignant 
tumours, including measuring the 13C-pyruvate-to-lactate conversion with HP 13C-MRI, 
quantifying sodium concentration using 23Na-MRI, detecting 2H-glucose and its metabolites 
using DMI. Secondary objectives will aim to compare the imaging techniques to understand if 
they can produce complementary information. As an exploratory part of the study, the 
objective will be to link the imaging data with clinical data and tissue molecular analyses for 
biological validation of the novel MRI techniques.

Participant selection
Participants will be identified through multidisciplinary team meetings or by clinical teams 
involved in their routine care at Addenbrooke’s Hospital, and recruited if they meet all the 
inclusion and none of the exclusion criteria as detailed in Table 1. The participants will be 
allocated into three imaging arms with 10 patients in each: (1) HP 13C-MRI; (2) DMI; and (3) 
23Na-MRI. 1H-MRI with T2-mapping will be performed in all patients. The aim is to recruit at 
least four patients in each arm with an oncocytic renal neoplasm (mostly oncocytomas) and 
at least four patients with RCCs to enable direct comparison. Half of the patients in each arm 
will be selected from a cohort of newly diagnosed renal masses and imaged prior to biopsy, 
with 75-80% of these expected to have RCCs, and most of the remainder having oncocytic 
neoplasms. The other half will be acquired from retrospective cohorts of patients with 
previously diagnosed oncocytic neoplasms on active surveillance at least 6 weeks post biopsy. 
Diagnosis will be made on tissue samples acquired at biopsy or at surgery if applicable, using 
molecular markers where possible. This approach will ensure an appropriate balance between 
benign and malignant lesions in each cohort.

Table 1: Inclusion and exclusion criteria for selection of study participants.

Inclusion criteria Exclusion criteria
 Over 18 years old
 Able to and provide written informed 

consent to participate
 If female: postmenopausal or if a woman of 

childbearing potential (WOCBP) using a 
suitable contraception

 If male, using a suitable contraceptive 
method for the duration of the study

 Radiologically suspected or pathologically 
confirmed benign or malignant renal 
masses, as determined by standard clinical 
practice

 Capable of undergoing a minimum of one 
study visit

The presence of any of the following will 
preclude participation as determined by the 
delegated investigator:

 Contraindication or inability to tolerate MRI 
 Pregnant or actively breast-feeding woman
 If using an intrauterine contraceptive device 

(IUCD) as a method of contraception the 
device should be MRI safe at 3 T 
(researcher to confirm)

 Clinically significant cardiac, pulmonary, or 
neurological diseases as determined by the 
investigators

 Laboratory abnormalities that may impact 
on the study results
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 Any other significant medical or psychiatric 
history rendering the subject ineligible as 
deemed by the investigators

Participants may be removed from the study at their choice or at the Investigator’s discretion 
if it is felt to be clinically appropriate. Reasons for participant withdrawal will be recorded. 
Primary reasons for withdrawal may include Serious Adverse Event (SAE), withdrawal of 
consent, lost to follow up, participant non-compliance, or study closed or terminated. 
Participants who are withdrawn from the study or do not complete at least one scan will be 
replaced.

Interventions
Study participants will be deemed evaluable if they receive at least one scan on any of the 
three imaging techniques. Each study participant will be allocated a unique study number 
following study enrolment and will be identified by this number throughout the data collection 
and analysis process.

The participants will be asked to attend all or some of these timepoints:

1. Baseline imaging visit.
2. An optional repeat scan within seven days of the first scan using the same imaging 

technique.
3. For those not taking part in Part 2 above, an optional scan with another imaging 

technique within 14 days of the first scan.
4. An optional research biopsy will be undertaken at standard of care surgery for 

participants with a malignant renal mass, or at biopsy for participants with a benign 
lesion.

The study flow chart is presented in Figure 1.

Page 8 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

8

No further participation in
the study

Yes

Consented to study

Participants will be allocated to one of three cohorts with different research imaging
techniques. Each cohort will be split into benign and malignant participants.

HP 13C-MRI (n=10)

If participant is willing to discuss study, a member of the research team will contact
them to check for consent to the study and inclusion/exclusion criteria.

Does the participant consent to the study, meet all inclusion criteria and have no
exclusion criteria?

No

23Na-MRI (n=10) DMI (n=10)

MRI and MRSI scans with
13C-pyruvate injection with

study assessments at
baseline

Identification by clinical team of participants

Optional research biopsy
taken at standard of care

surgery
OR

Optional research biopsy
taken at standard of care

biopsy appointment

Optional repeat injection
and scan within seven

days of previous imaging
OR

Optional scan as part of
another cohort within

14 days (e.g. 23Na-MRI or
DMI)

MRI and MRSI scans with
study assessments at

baseline

Optional research biopsy
taken at standard of care

surgery
OR

Optional research biopsy
taken at standard of care

biopsy appointment

Optional repeat scan
within seven days of

previous imaging
OR

Optional scan as part of
another cohort within
14 days (e.g. HP 13C-

pyruvate or DMI)

MRI and MRSI scans with
deuterated drink with
study assessments at

baseline

Optional research biopsy
taken at standard of care

surgery
OR

Optional research biopsy
taken at standard of care

biopsy appointment

Optional repeat
deuterated drink and scan

within seven days of
previous imaging

OR
Optional scan as part of

another cohort within
14 days (e.g. HP

13C-pyruvate or 23Na-MRI)

Figure 1: Study flow chart. MRSI = magnetic resonance spectroscopy imaging.
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Table 2 provides an overview of assessments to be performed at each study visit.

Table 2: Schedule of assessments.

Visit/DaysAssessment
Screening a Baseline MRI 

visit
Optional repeat 
MRI visit within 
seven days of 
baseline (if 
applicable)

Optional MRI 
visit with 
different 
imaging 
technique 
within 14 days 
of baseline (if 
applicable)

Attend Unit * * * *
Consent b * * * *
Medical History *
Demography (weight, 
height, sex, Date of 
Birth)

*

Clinical Examination *
ECOG performance 
score

* * if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Venous blood sample 
c, d

* * * *

Pregnancy test in 
WOCBP

* * * *

MRI scan * * *
General/additional 
assessments

* if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Vital Signs
 Pre-imaging
 Post-imaging

*
*
*

*
*

*
*

Injection of 13C-
pyruvate and/or 
deuterated glucose 
drink (for 13C-
pyruvate and DMI 
techniques only)

* * *

* Applicable assessment
a. We will attempt to screen for participants during their standard of care visits and use of medical records.
b. Ongoing consent will be confirmed at each visit.
c. Venous blood samples will include but may not be limited to; full blood count, biochemical series and 

liver function test.
d. Full blood count samples will only be required at injection timepoints if they have not been taken recently 

i.e. within 14 days.  These results will be copied in the study data.

For participants with benign renal masses that subsequently undergo active surveillance and 
have repeat MRI scans, we will seek the permission from the participants to review the 
clinically required MRI scan and compare to what was collected at the research scan. If the 
participant is not due to have a clinically required MRI scan, the research team will not affect 
this decision.

We will endeavour to minimise the number of injections and/or deuterated drinks for each 
participant, in as, the maximum number of injections/drinks will be limited to two each. Routes 
of administration for each of the imaging agents are as following:

 HP 13C-MRI: Single intravenous injection of up to 40 mL at 0.4 mL/kg of 13C-pyruvate 
through an intravenous cannula while the study participant is in position on the scanner 
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bed. There will be an optional repeat injection of 13C-pyruvate at all imaging visits to 
test for repeatability of the 13C-MRI technique. These will take place within seven days 
of the first scan.

 23Na-MRI: Not applicable. No additional research probe will be given to the participant 
as part of this imaging technique.

 DMI: At each imaging visit the participant will receive a deuterated glucose solution 
where 60 g of glucose is dissolved in 200 mL of water for injection (WFI) and the dose 
solution will be adjusted to their body weight at 0.75 g/kg body weight. There will be 
an optional repeat deuterated drink at all imaging visits to test for repeatability of the 
DMI technique. These will take place within seven days of the first scan.

The sample size calculation and outcomes
The study has been powered to assess changes in the 13C-pyruvate metabolism from the data 
we collected from nine treatment-naïve renal tumour patients (28). This work showed that the 
median pyruvate-to-lactate conversion constant (kPL) in ccRCCs was 0.0065 (range 0.0024-
0.0151), while it was 0.0043 (range 0.0028-0.0076) in the normal kidney.  This study also 
reported metabolism in a single case of renal oncocytoma, which showed both the lowest 
conversion constant and lactate-to-pyruvate ratio. There are currently no published students 
assessing DMI and 23Na-MRI quantitative parameters in human kidney tumours.

Based on the parameters obtained from the HP-13C-MRI we therefore calculated the following 
sample sizes: we plan to include up to 30 participants in total: 15 with benign renal masses 
and 15 with malignant renal masses. These participants will be divided equally into three 
imaging arms (HP 13C-MRI, 23Na-MRI and DMI); therefore five benign and five malignant 
participants will be recruited to each imaging arm. If participants are willing to take part in the 
optional additional scan using a different imaging technique, these participants will be counted 
towards both arms of the study and therefore the total number recruited to the study will be 
less than 30 participants.

Descriptive statistics will be used. The primary covariates to be studied are as follows:
 HP-13C-MRI: ratio of the summed hyperpolarised 13C-lactate to the summed 13C-

pyruvate over the timecourse of the experiment as a quantitative metric of pyruvate-
to-lactate exchange catalysed by the enzyme lactate dehydrogenase (LDH). This 
metric is termed the lactate-to-pyruvate ratio (LAC/PYR). We have significant 
experience in developing quantitative methodology to analyse this data (39).

 23Na-MRI: total sodium concentration (TSC), as a metric to quantify accumulation of 
Na+ in the tissue of interest. This metric was used in comparison between prostate 
cancer and normal prostate tissue(35).

 DMI: ratio of the summed 2H-lactate over the summed combined signal from 2H-
glutamine+2H-glutamate (2H-Glx) as a measure of the ratio of glycolysis to oxidative 
metabolism (40).

Data management and confidentiality
Case Report Form (CRF)
All data collected during the study will be collected or transferred into the CRF which will be 
anonymised. All study data in the CRF must be extracted from, and be consistent with, the 
relevant source documents. The CRFs must be completed, dated, and signed by the 
investigator or designee in a timely manner. The CRF will be accessible to relevant study team 
members, study monitors, auditors or inspectors as required.

Data protection and participant confidentiality
All investigators and study site staff involved in this study must comply with the requirements 
of the General Data Protection Regulation (GDPR) 2018 and Trust Policy with regards to the 
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collection, storage, processing, and disclosure of personal information and will uphold core 
principles. The personal data recorded on all documents will be regarded as strictly 
confidential.

Study documentation and archiving
All essential source and study documentation including the Study Master File, source data, 
and proforma will be securely archived after the last analysis of the study data has been 
completed and the Final Study Report has been submitted to the relevant authorities.  
Archiving must be provided as per local policy or the length of time specified by current 
applicable legislation, whichever is the longer. The Investigator must not destroy any 
documents or records associated with the study without written approval from the Sponsor.
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Ethics and dissemination

Ethical and Regulatory Considerations
Following the application through the Integrated Research Application System (IRAS, number: 
314155), this study with related documentation has been approved by the East of England – 
Cambridge East Research Ethics Committee (REC), Health Research Authority (HRA), 
receiving the REC reference: 22/EE/0136. The Research & Development (R&D) Department 
of Cambridge University Hospitals NHS Foundation Trust and the University of Cambridge act 
as sponsors for this research project with respect to the UK Policy Framework for Health and 
Social Care Research. Further ethical and regulatory considerations are detailed below.

Informed Consent form
The Informed Consent form was approved by the REC and is in compliance with good clinical 
practice (GCP), local regulatory requirements, and legal requirements. The investigator must 
ensure that each study participant, or their legally acceptable representative, is fully informed 
about the nature and objectives of the study and possible risks associated with their 
participation. The suitably trained investigator will obtain written informed consent from each 
participant before any study-specific activity is performed. The investigator will retain the 
original of each signed informed consent form.

Research Ethics Committee review
Before the start of the study or implementation of any amendment we will obtain approval of 
the study protocol, protocol amendments, informed consent forms and other relevant 
documents e.g., advertisements and GP information letters if applicable from the REC.  All 
correspondence with the REC will be retained in the Study Master File.

Regulatory issues
This study is not a Clinical Trial of an Investigational Medicinal Product (IMP) as defined by 
the European Union (EU) Directive 2001/20/EC and no submission to the Clinical Trials Unit 
at the Medicines and Healthcare products Regulatory Agency (MHRA) is required.

Protocol amendments
Protocol amendments must be reviewed and agreed by the Sponsor prior to submission to 
the REC/HRA. The only circumstance in which an amendment may be initiated prior to 
REC/HRA approval is where the change is necessary to eliminate apparent, immediate risks 
to the participants (Urgent Safety Measures). In this case, accrual of new participants will be 
halted until the REC/HRA approval has been obtained.

Declaration of Helsinki and Good Clinical Practice
The study will be performed in accordance with the spirit and the letter of the declaration of 
Helsinki, the conditions and principles of GCP, the protocol and applicable local regulatory 
requirements and laws.

GCP training
All study staff must hold evidence of appropriate GCP training or undergo GCP training prior 
to undertaking any responsibilities on this study.  This training should be updated every 2 
years or in accordance with Cambridge University Hospitals NHS Foundation Trust policy.

Safety considerations:
Adverse Reactions/ Expected Adverse Events
There are no expected adverse reactions (AR) associated with 13C-pyruvate and deuterated 
glucose MRI.  If any ARs are observed during this study, they will be recorded on the proforma 
and reviewed by the research team.
The following adverse events (AE) are known side effects of the assessment procedures:

• Bruising at the sites of venepuncture.
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• For those participants having the 13C-pyruvate injection, a transient local reaction 
at site of injection, a transient change in taste, and mild flushing.

They are generally not serious in nature and will not be recorded in the AE/AR log as part of 
this study.
Participants with solid malignancies are expected to have cancer and treatment related 
adverse events and some of them may be serious adverse events (SAE). However, as these 
are related to cancer rather than the study procedures they will not be recorded or collected 
as study data during this study. Only study procedure related SAE will be recorded.

Recording, evaluation and reporting of adverse events 
The Sponsor expects that all adverse events are recorded from the point of Informed Consent. 
All AR/AEs will be assessed by the investigator and recorded in medical notes as well as on 
the proforma (except for expected AEs and SAEs related to cancer).
Individual adverse events should be evaluated by the Investigators. This includes the 
evaluation of its seriousness, causality, severity, and any relationship between the medicinal 
product(s) and/or concomitant therapy and the adverse event.

The Chief Investigator is responsible for the prompt notification to the Sponsor and the REC 
that gave a favourable opinion of the study where in the opinion of the Chief Investigator the 
event was:

• “related”: that is, it resulted from administration of any of the research procedures; 
and 

• “unexpected”: that is, the nature and severity of the event is not listed in the protocol 
or the investigators brochure as an expected occurrence. 

Reports of related and unexpected SAEs should be submitted to the Sponsor and the REC 
within 15 days of the Chief Investigator becoming aware of the event.

Toxicity – Emergency Procedures
No toxicity is expected as both pyruvate or glucose are endogenous products. However, in 
the event of an acute hypersensitivity reaction, supportive care will be given to the participant 
according to local clinical procedures.

Patient and Public Involvement (PPI)
Patient representative groups were closely involved in preparation of the Study protocol. We 
have sought help from the Cambridge University Hospitals PPI Panel, who kindly reviewed 
the study documentation we were intending to submit with the IRAS for the REC review. With 
their valuable feedback we have adapted documentation to make it easier to follow, such as 
developing graphic representations of the study procedures, and preparing separate 
documents for each of the imaging arms.

Dissemination plans
The clinical and feasibility data are expected to be of great interest to the uro-oncological 
community, including radiologists, pathologists, surgeons, and oncologists. Results will be 
reported internally, presented at conferences, published in peer reviewed scientific journals, 
and will constitute a part of a PhD thesis. Further, we will engage patients and the public by 
organising workshops reporting the findings of the study and presenting at the public 
engagement festivals.

Page 14 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

14

References:

1. Capitanio U, Bensalah K, Bex A, Boorjian SA, Bray F, Coleman J, et al. Epidemiology of 
Renal Cell Carcinoma. European Urology. 2019 Jan;75(1):74–84. 

2. Meyer AR, Allaf ME, Rowe SP, Gorin MA. The role of molecular imaging in the 
characterization of renal masses. Current Opinion in Urology. 2018 Mar;28(2):159–65. 

3. Professionals SO. Uroweb. [cited 2021 Jun 4]. EAU Guidelines: Renal Cell Carcinoma. 
Available from: https://uroweb.org/guideline/renal-cell-carcinoma/

4. Gordetsky J, Zarzour J. Correlating Preoperative Imaging with Histologic Subtypes of 
Renal Cell Carcinoma and Common Mimickers. Curr Urol Rep. 2016 Jul;17(7):52. 

5. Patel HD, Johnson MH, Pierorazio PM, Sozio SM, Sharma R, Iyoha E, et al. Diagnostic 
Accuracy and Risks of Biopsy in the Diagnosis of a Renal Mass Suspicious for Localized 
Renal Cell Carcinoma: Systematic Review of the Literature. J Urol. 2016 
May;195(5):1340–7. 

6. Harris CR, Whitson JM, Meng MV. Under-grading of <4 cm renal masses on renal biopsy. 
BJU International. 2012;110(6):794–7. 

7. Patel HD, Druskin SC, Rowe SP, Pierorazio PM, Gorin MA, Allaf ME. Surgical 
histopathology for suspected oncocytoma on renal mass biopsy: a systematic review and 
meta-analysis. BJU International. 2017;119(5):661–6. 

8. Sohlberg EM, Metzner TJ, Leppert JT. The Harms of Overdiagnosis and Overtreatment in 
Patients with Small Renal Masses: A Mini-review. European Urology Focus. 2019 
Nov;5(6):943–5. 

9. Kratzer TB, Siegel RL, Miller KD, Sung H, Islami F, Jemal A. Progress Against Cancer 
Mortality 50 Years After Passage of the National Cancer Act. JAMA Oncol. 2022 Jan 
1;8(1):156. 

10. Stewart GD, Klatte T, Cosmai L, Bex A, Lamb BW, Moch H, et al. The multispeciality 
approach to the management of localised kidney cancer. The Lancet. 2022 
Aug;400(10351):523–34. 

11. Rathmell WK, Rathmell JC, Linehan WM. Metabolic Pathways in Kidney Cancer: 
Current Therapies and Future Directions. JCO. 2018 Dec 20;36(36):3540–6. 

12. Ricketts CJ, De Cubas AA, Fan H, Smith CC, Lang M, Reznik E, et al. The Cancer 
Genome Atlas Comprehensive Molecular Characterization of Renal Cell Carcinoma. Cell 
Rep. 2018 Apr 3;23(1):313-326.e5. 

13. Chen YY, Hu HH, Wang YN, Liu JR, Liu HJ, Liu JL, et al. Metabolomics in renal cell 
carcinoma: From biomarker identification to pathomechanism insights. Archives of 
Biochemistry and Biophysics. 2020 Nov;695:108623. 

14. Courtney KD, Bezwada D, Mashimo T, Pichumani K, Vemireddy V, Funk AM, et al. 
Isotope Tracing of Human Clear Cell Renal Cell Carcinomas Demonstrates Suppressed 
Glucose Oxidation In Vivo. Cell Metabolism. 2018 Nov;28(5):793-800.e2. 

Page 15 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

15

15. Wettersten HI, Hakimi AA, Morin D, Bianchi C, Johnstone ME, Donohoe DR, et al. 
Grade-dependent metabolic reprogramming in kidney cancer revealed by combined 
proteomics and metabolomics analysis. Cancer Res. 2015 Jun 15;75(12):2541–52. 

16. Xiao Y, Clima R, Busch J, Rabien A, Kilic E, Villegas SL, et al. Decreased 
Mitochondrial DNA Content Drives OXPHOS Dysregulation in Chromophobe Renal Cell 
Carcinoma. Cancer Res. 2020 Sep 15;80(18):3830–40. 

17. Kurelac I, Iommarini L, Vatrinet R, Amato LB, De Luise M, Leone G, et al. Inducing 
cancer indolence by targeting mitochondrial Complex I is potentiated by blocking 
macrophage-mediated adaptive responses. Nat Commun. 2019 Dec;10(1):903. 

18. De Luise M, Girolimetti G, Okere B, Porcelli AM, Kurelac I, Gasparre G. Molecular 
and metabolic features of oncocytomas: Seeking the blueprints of indolent cancers. 
Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2017 Aug;1858(8):591–601. 

19. Joshi S, Tolkunov D, Aviv H, Hakimi AA, Yao M, Hsieh JJ, et al. The Genomic 
Landscape of Renal Oncocytoma Identifies a Metabolic Barrier to Tumorigenesis. Cell 
Reports. 2015 Dec;13(9):1895–908. 

20. Zhang Y, Guillermier C, De Raedt T, Cox AG, Maertens O, Yimlamai D, et al. 
Imaging Mass Spectrometry Reveals Tumor Metabolic Heterogeneity. iScience. 2020 
Aug;23(8):101355. 

21. Özülker T, Özülker F, Özbek E, Özpaçaci T. A prospective diagnostic accuracy study 
of F-18 fluorodeoxyglucose-positron emission tomography/computed tomography in the 
evaluation of indeterminate renal masses. Nuclear Medicine Communications. 2011 
Apr;32(4):265–72. 

22. Gorin MA, Rowe SP, Allaf ME. Nuclear imaging of renal tumours: a step towards 
improved risk stratification. Nat Rev Urol. 2015 Aug;12(8):445–50. 

23. Rowe SP, Gorin MA, Solnes LB, Ball MW, Choudhary A, Pierorazio PM, et al. 
Correlation of 99mTc-sestamibi uptake in renal masses with mitochondrial content and 
multi-drug resistance pump expression. EJNMMI Res. 2017 Dec;7(1):80. 

24. Wilson MP, Katlariwala P, Murad MH, Abele J, McInnes MDF, Low G. Diagnostic 
accuracy of 99mTc-sestamibi SPECT/CT for detecting renal oncocytomas and other 
benign renal lesions: a systematic review and meta-analysis. Abdom Radiol. 2020 
Aug;45(8):2532–41. 

25. Zaccagna F, Grist JT, Deen SS, Woitek R, Lechermann LM, McLean MA, et al. 
Hyperpolarized carbon-13 magnetic resonance spectroscopic imaging: a clinical tool for 
studying tumour metabolism. BJR. 2018 Jan 19;20170688. 

26. Miller JJ, Grist JT, Serres S, Larkin JR, Lau AZ, Ray K, et al. 13C Pyruvate Transport 
Across the Blood-Brain Barrier in Preclinical Hyperpolarised MRI. Sci Rep. 2018 
Dec;8(1):15082. 

27. Woitek R, Gallagher FA. The use of hyperpolarised 13C-MRI in clinical body imaging 
to probe cancer metabolism. Br J Cancer. 2021 Mar 30;124(7):1187–98. 

28. Ursprung S, Woitek R, McLean MA, Priest AN, Crispin-Ortuzar M, Brodie CR, et al. 
Hyperpolarized 13C-Pyruvate Metabolism as a Surrogate for Tumor Grade and Poor 

Page 16 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

16

Outcome in Renal Cell Carcinoma—A Proof of Principle Study. Cancers. 2022 Jan 
11;14(2):335. 

29. Kaggie JD, Khan AS, Matys T, Schulte RF, Locke MJ, Grimmer A, et al. Deuterium 
metabolic imaging and hyperpolarized 13C-MRI of the normal human brain at clinical field 
strength reveals differential cerebral metabolism. NeuroImage. 2022 Aug;257:119284. 

30. De Feyter HM, Behar KL, Corbin ZA, Fulbright RK, Brown PB, McIntyre S, et al. 
Deuterium metabolic imaging (DMI) for MRI-based 3D mapping of metabolism in vivo. Sci 
Adv. 2018 Aug;4(8):eaat7314. 

31. De Feyter HM, de Graaf RA. Deuterium metabolic imaging – Back to the future. 
Journal of Magnetic Resonance. 2021 May;326:106932. 

32. Pohlmann A, Niendorf T, editors. Preclinical MRI of the Kidney: Methods and 
Protocols [Internet]. New York, NY: Springer US; 2021 [cited 2021 Mar 5]. (Methods in 
Molecular Biology; vol. 2216). Available from: http://link.springer.com/10.1007/978-1-
0716-0978-1

33. Grist JT, Riemer F, Hansen ESS, Tougaard RS, McLean MA, Kaggie J, et al. 
Visualization of sodium dynamics in the kidney by magnetic resonance imaging in a multi-
site study. Kidney International. 2020 Nov;98(5):1174–8. 

34. Kaggie JD, Lanz T, McLean MA, Riemer F, Schulte RF, Benjamin AJV, et al. 
Combined 23Na and 13C imaging at 3.0 Tesla using a single-tuned large FOV birdcage 
coil. Magnetic Resonance in Medicine. 2021;86(3):1734–45. 

35. Barrett T, Riemer F, McLean MA, Kaggie J, Robb F, Tropp JS, et al. Quantification of 
Total and Intracellular Sodium Concentration in Primary Prostate Cancer and Adjacent 
Normal Prostate Tissue With Magnetic Resonance Imaging. Investigative Radiology. 
2018 Aug;53(8):450–6. 

36. Deen SS, Riemer F, McLean MA, Gill AB, Kaggie JD, Grist JT, et al. Sodium MRI 
with 3D-cones as a measure of tumour cellularity in high grade serous ovarian cancer. 
Eur J Radiol Open. 2019 Apr 19;6:156–62. 

37. UK Renal Imaging Network (UKRIN): MRI Acquisition and Processing 
Standardisation (MAPS) - The University of Nottingham [Internet]. [cited 2022 Feb 27]. 
Available from: https://www.nottingham.ac.uk/research/groups/spmic/research/uk-renal-
imaging-network/ukrin-maps.aspx

38. Chan AW, Tetzlaff JM, Gotzsche PC, Altman DG, Mann H, Berlin JA, et al. SPIRIT 
2013 explanation and elaboration: guidance for protocols of clinical trials. BMJ. 2013 Jan 
9;346(jan08 15):e7586–e7586. 

39. Daniels CJ, McLean MA, Schulte RF, Robb FJ, Gill AB, McGlashan N, et al. A 
comparison of quantitative methods for clinical imaging with hyperpolarized 13 C‐pyruvate. 
NMR Biomed. 2016 Apr;29(4):387–99. 

40. Kaggie JD, Khan AS, Matys T, Schulte RF, Locke MJ, Grimmer A, et al. Deuterium 
metabolic imaging and hyperpolarized 13 C-MRI of the normal human brain at clinical field 
strength reveals differential cerebral metabolism [Internet]. Oncology; 2022 Feb [cited 
2022 Feb 27]. Available from: http://medrxiv.org/lookup/doi/10.1101/2022.02.07.22269533

Page 17 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

17

Authors’ contributions: F.A.G. is the chief investigator and initiated the collaborative project. 
I.H.M. and M.J.L conceptualised the study, developed the study design, drafted, and revised 
the study protocol and documentation. I.H.M. and M.J.Z.M. monitored data collection, drafted 
the paper. M.W. is the study coordinator, provided management oversight and monitored data 
collection. J.K., A.S.K., J.D., A.B.G., A.N.P., H.L., and M.A.M. contributed to the study design 
and statistical analysis plan. I.A.M, A.Y.W., S.J.W., J.O.J., J.N.A., T.J.M., and G.D.S. provided 
clinical expertise for the study design. All authors revised the paper.

Acknowledgements: We acknowledge the invaluable feedback by the patient 
representatives, as well as the administrative and technical support from the Advanced Cancer 
Imaging and Urological Malignancies programmes, Cancer Research UK (CRUK) Cambridge 
Centre, and radiographers of the Magnetic Resonance Spectroscopy Unit, Addenbrookes.

Funding: This research is funded by Cancer Research UK (EDDPMA-May22\100068, 
C19212/A27150), and is supported by the NIHR Cambridge Biomedical Centre (BRC 1215 
20014), the Cancer Research UK Cambridge Centre. The views expressed are those of the 
authors and not necessarily those of the funders.

Competing interests: GDS has received educational grants from Pfizer, AstraZeneca and 
Intuitive Surgical; consultancy fees from Pfizer, MSD, EUSA Pharma and CMR Surgical; 
Travel expenses from MSD and Pfizer; Speaker fees from Pfizer; Clinical lead (urology) 
National Kidney Cancer Audit and Topic Advisor for the NICE kidney cancer guideline. S.J.W. 
is a founder and director of Pinto Medical Consultancy. F.A.G. has research grants from 
GlaxoSmithKline and AstraZeneca, research support from GE Healthcare, and has consulted 
for AstraZeneca on behalf of the University of Cambridge.

Page 18 of 17

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only
Protocol for a multi-arm, non-randomised, single-centre 
feasibility study: Investigation of the differential biology 

between benign and malignant renal masses using 
advanced magnetic resonance imaging techniques (IBM-

Renal)

Journal: BMJ Open

Manuscript ID bmjopen-2024-083980.R1

Article Type: Protocol

Date Submitted by the 
Author: 03-Aug-2024

Complete List of Authors: Horvat-Menih, Ines; University of Cambridge, Department of Radiology
McLean, Mary; University of Cambridge, Department of Radiology
Zamora-Morales, Maria Jesus; University of Cambridge, Department of 
Radiology
Wylot, Marta; University of Cambridge, Department of Radiology
Kaggie, Joshua; University of Cambridge, Department of Radiology
Khan, Alixander S; University of Cambridge, Department of Radiology
Gill, Andrew B; University of Cambridge, Department of Radiology
Duarte, Joao; University of Cambridge, Department of Radiology
Locke, Matthew J; University of Cambridge, Department of Radiology
Mendichovszky, Iosif; University of Cambridge, Department of Radiology; 
Cambridge University Hospitals NHS Foundation Trust, Department of 
Nuclear Medicine
Li, Hao; Fudan University, Institute of Science and Technology for Brain-
inspired Intelligence; University of Cambridge, Department of Radiology
Priest, Andrew N; Cambridge University Hospitals NHS Foundation Trust, 
Department of Radiology
Warren, Anne Y; Cambridge University Hospitals NHS Foundation Trust, 
Department of Pathology
Welsh, Sarah J; Cambridge University Hospitals NHS Foundation Trust, 
Department of Oncology
Jones, James; Cambridge University Hospitals NHS Foundation Trust, 
Department of Oncology
Armitage, James N; Cambridge University Hospitals NHS Foundation 
Trust, Department of Urology
Mitchell, Thomas J; Cambridge University Hospitals NHS Foundation 
Trust, Department of Urology; University of Cambridge, Department of 
Surgery
Stewart, Grant; Cambridge University Hospitals NHS Foundation Trust, 
Department of Urology; University of Cambridge, Department of Surgery
Gallagher, FA; University of Cambridge, Department of Radiology

<b>Primary Subject 
Heading</b>: Radiology and imaging

Secondary Subject Heading: Oncology, Urology

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open
P

ro
tected

 b
y co

p
yrig

h
t, in

clu
d

in
g

 fo
r u

ses related
 to

 text an
d

 d
ata m

in
in

g
, A

I train
in

g
, an

d
 sim

ilar tech
n

o
lo

g
ies.

 . 
at U

n
iversite P

aris E
st C

reteil
 

o
n

 Ju
n

e 7, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

26 O
cto

b
er 2024. 

10.1136/b
m

jo
p

en
-2024-083980 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


For peer review only

Keywords:
Kidney tumours < ONCOLOGY, Magnetic resonance imaging < 
RADIOLOGY & IMAGING, Functional Magnetic Resonance Imaging < 
Magnetic Resonance Imaging

 

Page 1 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

1

Title: Protocol for a multi-arm, non-randomised, single-centre feasibility study: 
Investigation of the differential biology between benign and malignant renal masses 
using advanced magnetic resonance imaging techniques (IBM-Renal)

Authors: Ines Horvat-Menih1, Mary McLean1, Maria Jesus Zamora-Morales1, Marta Wylot1, 
Joshua Kaggie1, Alixander S Khan1, Andrew B Gill1, Joao Duarte1, Matthew J Locke1, Iosif A 
Mendichovszky1,3, Hao Li1,2, Andrew N Priest3, Anne Y Warren4, Sarah J Welsh5, James O 
Jones5, James N Armitage6, Thomas J Mitchell6,7, Grant D Stewart6,7, Ferdia A Gallagher1

1 Department of Radiology, University of Cambridge, Cambridge CB2 0QQ, UK; ih357@cam.ac.uk 
(I.H.M); mjzm2@medschl.cam.ac.uk (M.J.Z.M); mw699@medschl.cam.ac.uk (M.W.); 
jk636@cam.ac.uk (J.K); ak2290@cam.ac.uk (A.S.K.); jd906@medschl.cam.ac.uk (J.D.); 
abg28@cam.ac.uk (A.B.G.); mjl99@medschl.cam.ac.uk (M.J.L.); im391@cam.ac.uk (I.A.M.); 
mam23@cam.ac.uk (M.A.M); fag1000@cam.ac.uk (F.A.G)

2 The Institute of Science and Technology for Brain-inspired Intelligence, Fudan University, Shanghai, 
China; h_li@fudan.edu.cn (H.L.)

3 Department of Radiology, Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation 
Trust, Cambridge CB2 0QQ, UK; anp11@cam.ac.uk (A.N.P); im391@cam.ac.uk (I.A.M.)

4 Department of Pathology, Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation 
Trust, Cambridge CB2 0QQ, UK; ayw23@cam.ac.uk (A.Y.W.)

5 Department of Oncology, Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation 
Trust, Cambridge CB2 0QQ, UK; sarah.welsh21@nhs.net (S.J.W.); joj21@cam.ac.uk (J.O.J.)

6 Department of Urology, Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation 
Trust, Cambridge CB2 0QQ, UK; james.armitage4@nhs.net (J.N.A.)

7 Department of Surgery, University of Cambridge, Cambridge CB2 0QQ, UK; tjm61@cam.ac.uk 
(T.J.M); gds35@cam.ac.uk (G.D.S.)

* Correspondence: fag1000@cam.ac.uk; Tel.: +44-1223-467062

Main body word count: 3990/4000 words

Keywords: Kidney neoplasms, renal cell carcinoma, renal oncocytoma, subtype 
differentiation, magnetic resonance imaging, hyperpolarised [1-13C]pyruvate MRI, sodium 
MRI, deuterium metabolic imaging, metabolism

Page 2 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

2

Abstract

Introduction: Localised renal masses are an increasing burden on healthcare due to the rising 
number of cases. However, conventional imaging cannot reliably distinguish between benign 
and malignant renal masses, and  renal mass biopsies are unable to characterise the entirety 
of the tumour due to sampling error, which may lead to delayed treatment or overtreatment. 
There is an unmet clinical need to develop novel imaging techniques to characterise renal 
masses more accurately. Renal tumours demonstrate characteristic metabolic 
reprogramming, and novel MRI methods have the potential to detect these metabolic 
perturbations which may therefore aid accurate characterisation. Here we present our study 
protocol for the Investigation of the differential biology of Benign and Malignant renal masses 
using advanced magnetic resonance imaging techniques (IBM-Renal).

Methods and analysis: IBM-Renal is a multi-arm, single-centre, non-randomised, feasibility 
study with the aim to provide preliminary evidence for the potential role of the novel MRI 
techniques to phenotype localised renal lesions. 30 patients with localised renal masses will 
be recruited to three imaging arms, with 10 patients in each: 1) hyperpolarised [1-13C]-pyruvate 
MRI (HP 13C-MRI), 2) deuterium metabolic imaging (DMI), and 3) sodium MRI (23Na-MRI). The 
diagnosis will be made on samples acquired at biopsy or at surgery. The primary objective is 
the technical development of the novel MRI techniques with ultimate aim to understand 
whether these can identify differences between benign and malignant tumours, while the 
secondary objectives aim to assess how complementary the techniques are, and if they 
provide additional information. Exploratory objective will be to link imaging findings with clinical 
data and molecular analyses for biological validation of the novel MRI techniques.

Ethics and dissemination: This study was ethically approved (UK REC HRA: 22/EE/0136; 
current protocol version 2.1 dated 11/08/2022). The plans for dissemination include 
presentations at conferences, publications in scientific journals, a doctoral thesis, and patient 
and public involvement.

Registration details: ClinicalTrials.gov: NCT06016075

Strengths and limitations of this study
• IBM-renal is the first prospective study to investigate the role of deuterium metabolic imaging 

and sodium MRI for the characterisation of indeterminate renal masses.
• As a patient can be recruited to different imaging arms of the study, this will allow a direct 

comparison of novel MRI techniques for informing about the nature or the renal masses.
• Multimodal assessment of these renal masses, including clinical, imaging, pathology data, will 

be conducted.
• Limitations of the study include potential pathological undergrading of benign renal masses, as 

some of these diagnoses are based on a single biopsy.
• If the primary outcomes are met, this will be used to inform a large-scale study.
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Introduction

Clinical need in management of localised renal masses:
The incidence of renal cancer has increased significantly during the last two decades, with 
13,322 new cases diagnosed annually in the UK, corresponding to an age-standardised 
incidence of 8.2 per 100,000 (1). Depending on histological subtype and other tumour- and 
patient related factors (such as tumour location, complexity, patient comorbidities, surgical 
history, renal function), the management options range from active surveillance to radical 
surgical resection (2). An important unmet clinical need is that conventional imaging methods 
cannot reliably distinguish aggressive RCC subtypes from indolent renal masses (3). Although 
an invasive renal mass biopsy is a key tool for discriminating radiologically indeterminate renal 
lesions, it is subject to sampling error which is particularly problematic in heterogeneous 
lesions. Biopsies may also be clinically challenging to perform, and are non-diagnostic in up 
to 20% of cases, which can result in either unnecessary or delayed surgery (4–7). Importantly, 
earlier detection and treatment have not resulted in decreased mortality, suggesting there is 
an overdiagnosis and potentially overtreatment of benign renal tumours (1,8). As RCC remains 
one of the most lethal urological malignancies (9), there is a pressing need for novel methods 
to identify and characterise renal masses more accurately (10). 

Metabolic changes in RCC:
Renal cell tumours harbour significant metabolic perturbations and different histologic 
subtypes have distinct metabolic phenotypes. In clear cell renal cell carcinoma (ccRCC), the 
major genetic driver is the loss of the von Hippel-Lindau (VHL) tumour suppressor gene, which 
leads to accumulation of hypoxia-inducible factor 1 (HIF1) with downstream transcriptional 
activation of pathways involved in glycolysis (11,12). Metabolomic analyses have confirmed 
increased lactate labelling after [U‑13C]glucose infusion in ccRCC tumours compared to 
adjacent normal kidney with glycolysis increasing in a grade-dependent manner (13–15). On 
the other hand, renal oncocytomas, which are classified as benign renal masses, suppresses 
oxidative metabolism due to defective complex I within the mitochondrial electron transport 
chain (11,16–18). Therefore, it is not clear to what extent the ratio between glycolytic and 
oxidative metabolism varies across aggressiveness of renal neoplasms (17,19). Recently 
studies have also reported mitochondrial respiration defects in both renal oncocytoma and its 
malignant counterpart, chromophobe RCC (chRCC), with the potential for differentiation 
based on genomic, transcriptomic, and metabolic levels (16,17,20). The question to be 
addressed in this study is whether MRI can be used to phenotype the aggressiveness of renal 
masses, and can therefore implemented to help risk-stratify tumours to inform management 
decisions.

Imaging metabolism:
Building upon the evidence described above, we hypothesise that novel MRI imaging 
techniques can non-invasively characterise whole-tumour metabolism and its heterogeneity 
across renal tumours. The most common clinical tool for assessment of tumour metabolism 
uses a radiolabelled glucose analogue, 18F-FDG, in conjunction with positron emission 
tomography (18F-FDG-PET), but is limited by renal excretion of tracer and has failed to show 
success in characterising renal tumours (21,22). 99mTc-sestamibi in conjunction with Single-
Photon Emission Computed Tomography (SPECT) has been used to detect a variable degree 
of tracer uptake in renal oncocytoma compared to chRCC in a small number of patients, which 
has been attributed to the tracer accumulation in cells with high levels of mitochondria (23,24). 
However, both techniques expose patients to ionising radiation, have poor soft tissue contrast, 
and the inability to detect specific downstream metabolites or their metabolic 
compartmentalisation (25,26).

Our multidisciplinary group are developing novel non-radioactive and non-invasive clinical 
tools for imaging tumour metabolism. For example, hyperpolarised [1-13C]-pyruvate MRI (HP 
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13C-MRI), following injection of intravenous hyperpolarised 13C-pyruvate, can be used to 
simultaneously detect glycolytic metabolism in the cytosol and oxidative metabolism in the 
mitochondria in tissue where there is sufficient metabolism (27). Two recent papers have 
shown that 13C-lactate labelling can be used to distinguish high grade ccRCC from lower grade 
tumours, driven by the pyruvate transporter (MCT1) (28). Furthermore, a case of a renal 
oncocytoma displayed the lowest pyruvate-to-lactate conversion compared to a range of 
malignant masses, including ccRCCs, suggesting that this may be a tool for discriminating 
these lesions (28).

More recently, we have implemented deuterium (2H) metabolic imaging (DMI) at clinical field 
strength as an alternative method for non-invasive detection of metabolism using orally 
administered deuterated glucose (29). This method can also be used to detect cytosolic lactate 
formation and mitochondrial oxidative metabolism, and is complementary to the information 
provided by HP 13C-MRI (30,31). We have undertaken this in the brain at clinical field strength 
(3T) and will apply it to the kidney in this study using dedicated hardware to assess whether 
differential glucose metabolism can be used to differentiate benign from malignant lesions.

Imaging cellularity and structure:
To complement the metabolic measurements, we will evaluate non-invasive methods to 
distinguish benign from malignant lesions based on differences in cellularity on histology. 23Na-
MRI is a complementary tool to probe tissue structure as a measure of the tissue sodium 
concentration which is a function of cellularity due to the concentration gradient across the cell 
membrane. The method can also be used to extract an intracellular-weighted component of 
the sodium pool as a measure of the transmembrane sodium gradient (32). In the presence 
of hypoxia, the sodium/potassium adenosine triphosphate pump (Na+/K2+-ATPase) may be 
inhibited, leading to alterations in the sodium concentration (32,33). We have previously 
shown how 23Na-MRI can be used to demonstrate the Na+ gradient across the 
corticomedullary axis in the normal kidney and how this can be used to assess dynamic 
changes in renal sodium (33). We have also recently developed a novel birdcage MRI coil 
system for high resolution 23Na-MRI of the normal kidneys (34), which we will apply to imaging 
focal renal pathology as part of this study. We have shown the potential of 23Na-MRI in several 
cancer types, correlating with cellularity on histology, and will apply this to small renal masses 
for the first time here (35,36).

In addition, we have developed complementary 1H-MRI methods to quantitatively map T2 
relaxation properties within tissue for assessment of diffuse renal disease (37). Here we will 
assess whether these can distinguish benign from malignant lesions. These parameters are 
dependent on the local tissue chemical properties and reflect the microenvironmental 
differences between benign and malignant disease.

Rationale for the study:
This feasibility study will explore the role of multimodal MRI in characterising localised renal 
masses and how it can exploit the known biological differences between benign and malignant 
lesions. The project will assess if MRI can probe structure, function, and metabolism within 
the tumour and its microenvironment using three techniques:

1) HP 13C-MRI as a non-invasive measure of tissue metabolism following injection of 
hyperpolarised 13C-pyruvate to probe tumour lactate labelling. 

2) DMI as an alternative method to probe both glycolytic and oxidative metabolism 
following oral deuterium labelled glucose to detect both lactate and the combined 
signal from glutamine+glutamate (Glx).

3) Measures of the tumour cellularity, heterogeneity, and membrane ion gradients using 
23Na-MRI and fast, high-resolution measures of T2 relaxation.

The aim is to provide preliminary evidence for the potential role of these techniques to 
phenotype localised renal lesions and how they can be used as part of a larger multicentre 
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study. The ultimate goal is to provide non-invasive tools for early detection of small aggressive 
renal tumours to enable timely surgical intervention.
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Methods and analysis
The study is reported in accordance to Standard Protocol Items: Recommendations for 
Interventional Trials (SPIRIT) checklist (38), with SPIRIT-Path extension (39).

Study design and objectives
The IBM-Renal (Investigation of differential biology of Benign and Malignant Renal masses 
using advanced magnetic resonance imaging techniques) study is designed as a feasibility 
study to acquire preliminary data with set imaging protocols as defined based on our previous 
work, and these results will be used to optimise future imaging protocols and to inform large-
scale studies. The study will be conducted as a non-randomised, physiological imaging study 
in patients with localised renal masses, at a single site: Addenbrooke’s Hospital, Cambridge 
University Hospitals NHS Foundation Trust. For all imaging studies, the primary objective will 
be the technical development of each imaging technique with ultimate aim to understand 
whether the methods can identify any differences between benign and malignant tumours, 
including measuring the 13C-pyruvate-to-lactate conversion with HP 13C-MRI, quantifying 
sodium concentration using 23Na-MRI, detecting 2H-glucose and its metabolites using DMI. 
Secondary objectives will aim to compare the imaging techniques to understand if they can 
produce complementary information. As an exploratory part of the study, the objective will be 
to link the imaging data with clinical data and tissue molecular analyses for biological validation 
of the novel MRI techniques. Diagnostic accuracy analysis is not foreseen at this stage.

Participant selection
Participants will be identified through multidisciplinary team meetings or by clinical teams 
involved in their routine care at Addenbrooke’s Hospital, and recruited if they meet all the 
inclusion and none of the exclusion criteria as detailed in Table 1. The participants will be 
allocated into three imaging arms with 10 patients in each: 1) HP 13C-MRI; 2) DMI; and 3) 
23Na-MRI. 1H-MRI with T2-mapping will be performed in all patients. The recruited participant 
will be allocated to one of these imaging techniques by the Chief Investigator. This will be 
based on the availability of kits for HP 13C-MRI, availability of the deuterated glucose drink for 
the DMI study and/or availability of the research MRI scanner. The aim is to recruit at least 
four patients in each arm with an oncocytic renal neoplasm (mostly oncocytomas) and at least 
four patients with RCCs as determined by clinical pathology assessment to enable direct 
comparison. Half of the patients in each arm will be selected from a cohort of newly diagnosed 
renal masses and imaged prior to biopsy, with 75-80% of these expected to have RCCs, and 
most of the remainder having oncocytic neoplasms. The other half will be acquired from 
retrospective cohorts of patients with previously diagnosed oncocytic neoplasms on active 
surveillance at least 6 weeks post biopsy. Diagnosis will be made on tissue samples acquired 
at biopsy or at surgery if applicable, using molecular markers where possible. This approach 
will ensure an appropriate balance between benign and malignant lesions in each cohort.

Table 1: Inclusion and exclusion criteria for selection of study participants.

Inclusion criteria Exclusion criteria
• Over 18 years old
• Able to and provide written informed 

consent to participate
• If female: postmenopausal or if a woman of 

childbearing potential (WOCBP) using a 
suitable contraception

• If male, using a suitable contraceptive 
method for the duration of the study

• Radiologically suspected or pathologically 
confirmed benign or malignant renal 
masses, as determined by standard clinical 
practice

The presence of any of the following will 
preclude participation as determined by the 
delegated investigator:

• Contraindication or inability to tolerate MRI 
• Pregnant or actively breast-feeding woman
• If using an intrauterine contraceptive device 

(IUCD) as a method of contraception the 
device should be MRI safe at 3 T 
(researcher to confirm)

• Clinically significant cardiac, pulmonary, or 
neurological diseases as determined by the 
investigators
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• Capable of undergoing a minimum of one 
study visit

• Laboratory abnormalities that may impact 
on the study results

• Any other significant medical or psychiatric 
history rendering the subject ineligible as 
deemed by the investigators

Participants may be removed from the study at their choice or at the Investigator’s discretion 
if it is felt to be clinically appropriate. Reasons for participant withdrawal will be recorded. 
Primary reasons for withdrawal may include Serious Adverse Event (SAE), withdrawal of 
consent, lost to follow up, participant non-compliance, or study closed or terminated. 
Participants who are withdrawn from the study or do not complete at least one scan will be 
replaced.

Interventions
Study participants will be deemed evaluable if they receive at least one scan on any of the 
three imaging techniques. Each study participant will be allocated a unique study number 
following study enrolment and will be identified by this number throughout the data collection 
and analysis process.

The participants will be asked to attend all or some of these timepoints:

1. Baseline imaging visit.
2. An optional repeat scan within seven days of the first scan using the same imaging 

technique.
3. For those not taking part in Part 2 above, an optional scan with another imaging 

technique within 14 days of the first scan. The second imaging arm will be 
determined as detailed above; that is by the Chief Investigator based on the 
availability of the imaging kits and the research MRI scanner.

4. An optional research biopsy will be undertaken at standard of care surgery or at 
biopsy, whichever will be clinically indicated and performed.

The study flow chart is presented in Figure 1.

Table 2 provides an overview of assessments to be performed at each study visit.

Table 2: Schedule of assessments.

Visit/DaysAssessment
Screening a Baseline MRI 

visit
Optional repeat 
MRI visit within 
seven days of 
baseline (if 
applicable)

Optional MRI 
visit with 
different 
imaging 
technique 
within 14 days 
of baseline (if 
applicable)

Attend Unit * * * *
Consent b * * * *
Medical History *
Demography (weight, 
height, sex, Date of 
Birth)

*

Clinical Examination *
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ECOG performance 
score

* * if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Venous blood sample 
c, d

* * * *

Pregnancy test in 
WOCBP

* * * *

MRI scan * * *
General/additional 
assessments

* if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Vital Signs
• Pre-imaging
• Post-imaging

*
*
*

*
*

*
*

Injection of 13C-
pyruvate and/or 
deuterated glucose 
drink (for 13C-
pyruvate and DMI 
techniques only)

* * *

* Applicable assessment
a. We will attempt to screen for participants during their standard of care visits and use of medical records.
b. Ongoing consent will be confirmed at each visit.
c. Venous blood samples will include but may not be limited to; biochemical series and liver function test.
d. Full blood count samples will only be required at injection timepoints if they have not been taken recently 

i.e. within 14 days.  These results will be copied in the study data.

For participants with benign renal masses that subsequently undergo active surveillance and 
have repeat MRI scans, we will seek the permission from the participants to review the 
clinically required MRI scan and compare to what was collected at the research scan. If the 
participant is not due to have a clinically required MRI scan, the research team will not affect 
this decision.

We will endeavour to minimise the number of injections and/or deuterated drinks for each 
participant, in as, the maximum number of injections/drinks will be limited to two each. Routes 
of administration for each of the imaging agents are as following:

• HP 13C-MRI: Single intravenous injection of up to 40 mL at 0.4 mL/kg of 13C-pyruvate 
through an intravenous cannula while the study participant is in position on the scanner 
bed. Scanning will begin 12 s after the injection. There will be an optional repeat 
injection of 13C-pyruvate at all imaging visits to test for repeatability of the 13C-MRI 
technique. These will take place within seven days of the first scan.

• 23Na-MRI: Not applicable. No additional research probe will be given to the participant 
as part of this imaging technique.

• DMI: At each imaging visit the participant will receive a deuterated glucose solution 
where 60 g of glucose is dissolved in 200 mL of water for injection (WFI) and the dose 
solution will be adjusted to their body weight at 0.75 g/kg body weight. Scanning will 
begin 60 min after the drink ingestion. There will be an optional repeat deuterated drink 
at all imaging visits to test for repeatability of the DMI technique. These will take place 
within seven days of the first scan.

The sample size calculation and outcomes
The study has been powered to assess changes in the 13C-pyruvate metabolism from the data 
we collected from nine treatment-naïve renal tumour patients (28). This work showed that the 
median pyruvate-to-lactate conversion constant (kPL) in ccRCCs was 0.0065 (range 0.0024-
0.0151), while it was 0.0043 (range 0.0028-0.0076) in the normal kidney.  This study also 
reported metabolism in a single case of renal oncocytoma, which showed both the lowest 
conversion constant and lactate-to-pyruvate ratio. There are currently no published studies 
assessing DMI and 23Na-MRI quantitative parameters in human kidney tumours.

Page 9 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

9

Based on the parameters obtained from the HP-13C-MRI we therefore determined the following 
sample sizes for priming of the study: we plan to include up to 30 participants in total: 15 with 
benign renal masses and 15 with malignant renal masses. These participants will be divided 
equally into three imaging arms (HP 13C-MRI, 23Na-MRI and DMI); therefore five benign and 
five malignant participants will be recruited to each imaging arm. If participants are willing to 
take part in the optional additional scan using a different imaging technique, these participants 
will be counted towards both arms of the study and therefore the total number recruited to the 
study will be less than 30 participants. Planned timeline for the study is the start date 1st 
January 2023, primary completion date 31st August 2025, with study completion by the 1st 
January 2026.

Descriptive statistics will be used. The primary covariates to be studied are as follows:
• HP-13C-MRI: ratio of the summed hyperpolarised 13C-lactate to the summed 13C-

pyruvate over the timecourse of the experiment as a quantitative metric of pyruvate-
to-lactate exchange catalysed by the enzyme lactate dehydrogenase (LDH). This 
metric is termed the lactate-to-pyruvate ratio (LAC/PYR). We have significant 
experience in developing quantitative methodology to analyse this data (40).

• 23Na-MRI: total sodium concentration (TSC), as a metric to quantify accumulation of 
Na+ in the tissue of interest. This metric was used in comparison between prostate 
cancer and normal prostate tissue(35).

• DMI: primary goal is the technical development of the abdominal DMI, which has not 
been extensively developed yet due to limitations in detection of metabolites within the 
DMI spectrum in abdomen attributed to lipid peaks and variability of tissues. However, 
we aim to evaluate the ratio of the summed 2H-lactate over the summed combined 
signal from 2H-glutamine+2H-glutamate (2H-Glx) as a measure of the ratio of glycolysis 
to oxidative metabolism as previously shown in healthy human brain(41).

Data management and confidentiality
Case Report Form (CRF)
All data collected during the study will be collected or transferred into the CRF which will be 
anonymised. All study data in the CRF must be extracted from, and be consistent with, the 
relevant source documents. The CRFs must be completed, dated, and signed by the 
investigator or designee in a timely manner. The CRF will be accessible to relevant study team 
members, study monitors, auditors or inspectors as required.

Data protection and participant confidentiality
All investigators and study site staff involved in this study must comply with the requirements 
of the General Data Protection Regulation (GDPR) 2018 and Trust Policy with regards to the 
collection, storage, processing, and disclosure of personal information and will uphold core 
principles. The personal data recorded on all documents will be regarded as strictly 
confidential.

Study documentation and archiving
All essential source and study documentation including the Study Master File, source data, 
and proforma will be securely archived after the last analysis of the study data has been 
completed and the Final Study Report has been submitted to the relevant authorities.  
Archiving must be provided as per local policy or the length of time specified by current 
applicable legislation, whichever is the longer. The Investigator must not destroy any 
documents or records associated with the study without written approval from the Sponsor.
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Ethics and dissemination

Ethical and Regulatory Considerations
Following the application through the Integrated Research Application System (IRAS, number: 
314155), this study with related documentation has been approved by the East of England – 
Cambridge East Research Ethics Committee (REC), Health Research Authority (HRA), 
receiving the REC reference: 22/EE/0136. The Research & Development (R&D) Department 
of Cambridge University Hospitals NHS Foundation Trust and the University of Cambridge act 
as sponsors for this research project with respect to the UK Policy Framework for Health and 
Social Care Research. Further ethical and regulatory considerations are detailed below.

Informed Consent form
The Informed Consent form was approved by the REC and is in compliance with good clinical 
practice (GCP), local regulatory requirements, and legal requirements. The investigator must 
ensure that each study participant, or their legally acceptable representative, is fully informed 
about the nature and objectives of the study and possible risks associated with their 
participation. The suitably trained investigator will obtain written informed consent from each 
participant before any study-specific activity is performed. The investigator will retain the 
original of each signed informed consent form.

Research Ethics Committee review
Before the start of the study or implementation of any amendment we will obtain approval of 
the study protocol, protocol amendments, informed consent forms and other relevant 
documents e.g., advertisements and GP information letters if applicable from the REC.  All 
correspondence with the REC will be retained in the Study Master File.

Regulatory issues
This study is not a Clinical Trial of an Investigational Medicinal Product (IMP) as defined by 
the European Union (EU) Directive 2001/20/EC and no submission to the Clinical Trials Unit 
at the Medicines and Healthcare products Regulatory Agency (MHRA) is required.

Protocol amendments
Protocol amendments must be reviewed and agreed by the Sponsor prior to submission to 
the REC/HRA. The only circumstance in which an amendment may be initiated prior to 
REC/HRA approval is where the change is necessary to eliminate apparent, immediate risks 
to the participants (Urgent Safety Measures). In this case, accrual of new participants will be 
halted until the REC/HRA approval has been obtained.

Declaration of Helsinki and Good Clinical Practice
The study will be performed in accordance with the spirit and the letter of the declaration of 
Helsinki, the conditions and principles of GCP, the protocol and applicable local regulatory 
requirements and laws.

GCP training
All study staff must hold evidence of appropriate GCP training or undergo GCP training prior 
to undertaking any responsibilities on this study.  This training should be updated every 2 
years or in accordance with Cambridge University Hospitals NHS Foundation Trust policy.

Safety considerations:
Adverse Reactions/ Expected Adverse Events
There are no expected adverse reactions (AR) associated with 13C-pyruvate and deuterated 
glucose MRI.  If any ARs are observed during this study, they will be recorded on the proforma 
and reviewed by the research team.
The following adverse events (AE) are known side effects of the assessment procedures:

• Bruising at the sites of venepuncture.
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• For those participants having the 13C-pyruvate injection, a transient local reaction 
at site of injection, a transient change in taste, and mild flushing.

They are generally not serious in nature and will not be recorded in the AE/AR log as part of 
this study.
Participants with solid malignancies are expected to have cancer and treatment related 
adverse events and some of them may be serious adverse events (SAE). However, as these 
are related to cancer rather than the study procedures they will not be recorded or collected 
as study data during this study. Only study procedure related SAE will be recorded.

Recording, evaluation and reporting of adverse events 
The Sponsor expects that all adverse events are recorded from the point of Informed Consent. 
All AR/AEs will be assessed by the investigator and recorded in medical notes as well as on 
the proforma (except for expected AEs and SAEs related to cancer).
Individual adverse events should be evaluated by the Investigators. This includes the 
evaluation of its seriousness, causality, severity, and any relationship between the medicinal 
product(s) and/or concomitant therapy and the adverse event.

The Chief Investigator is responsible for the prompt notification to the Sponsor and the REC 
that gave a favourable opinion of the study where in the opinion of the Chief Investigator the 
event was:

• “related”: that is, it resulted from administration of any of the research procedures; 
and 

• “unexpected”: that is, the nature and severity of the event is not listed in the protocol 
or the investigators brochure as an expected occurrence. 

Reports of related and unexpected SAEs should be submitted to the Sponsor and the REC 
within 15 days of the Chief Investigator becoming aware of the event.

Toxicity – Emergency Procedures
No toxicity is expected as both pyruvate or glucose are endogenous products. However, in 
the event of an acute hypersensitivity reaction, supportive care will be given to the participant 
according to local clinical procedures.

Patient and Public Involvement (PPI)
Patient representative groups were closely involved in preparation of the Study protocol. We 
have sought help from the Cambridge University Hospitals PPI Panel, who kindly reviewed 
the study documentation we were intending to submit with the IRAS for the REC review. With 
their valuable feedback we have adapted documentation to make it easier to follow, such as 
developing graphic representations of the study procedures, and preparing separate 
documents for each of the imaging arms.

Dissemination plans
The clinical and feasibility data are expected to be of great interest to the uro-oncological 
community, including radiologists, pathologists, surgeons, and oncologists. Results will be 
reported internally, presented at conferences, published in peer reviewed scientific journals, 
and will constitute a part of a PhD thesis. Further, we will engage patients and the public by 
organising workshops reporting the findings of the study and presenting at the public 
engagement festivals.

Page 12 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

12

References:

1. Capitanio U, Bensalah K, Bex A, Boorjian SA, Bray F, Coleman J, et al. Epidemiology of 
Renal Cell Carcinoma. European Urology. 2019 Jan;75(1):74–84. 

2. Bex A, Albiges L, Bedke J, Bonn S, Capitanio U, Dabestani S, et al. Uroweb. [cited 2021 
Jun 4]. EAU Guidelines: Renal Cell Carcinoma. Available from: 
https://uroweb.org/guideline/renal-cell-carcinoma/

3. Gordetsky J, Zarzour J. Correlating Preoperative Imaging with Histologic Subtypes of 
Renal Cell Carcinoma and Common Mimickers. Curr Urol Rep. 2016 Jul;17(7):52. 

4. Professionals SO. Uroweb. [cited 2021 Jun 4]. EAU Guidelines: Renal Cell Carcinoma. 
Available from: https://uroweb.org/guideline/renal-cell-carcinoma/

5. Patel HD, Johnson MH, Pierorazio PM, Sozio SM, Sharma R, Iyoha E, et al. Diagnostic 
Accuracy and Risks of Biopsy in the Diagnosis of a Renal Mass Suspicious for Localized 
Renal Cell Carcinoma: Systematic Review of the Literature. J Urol. 2016 
May;195(5):1340–7. 

6. Harris CR, Whitson JM, Meng MV. Under-grading of <4 cm renal masses on renal biopsy. 
BJU International. 2012;110(6):794–7. 

7. Patel HD, Druskin SC, Rowe SP, Pierorazio PM, Gorin MA, Allaf ME. Surgical 
histopathology for suspected oncocytoma on renal mass biopsy: a systematic review and 
meta-analysis. BJU International. 2017;119(5):661–6. 

8. Sohlberg EM, Metzner TJ, Leppert JT. The Harms of Overdiagnosis and Overtreatment in 
Patients with Small Renal Masses: A Mini-review. European Urology Focus. 2019 
Nov;5(6):943–5. 

9. Kratzer TB, Siegel RL, Miller KD, Sung H, Islami F, Jemal A. Progress Against Cancer 
Mortality 50 Years After Passage of the National Cancer Act. JAMA Oncol. 2022 Jan 
1;8(1):156. 

10. Stewart GD, Klatte T, Cosmai L, Bex A, Lamb BW, Moch H, et al. The multispeciality 
approach to the management of localised kidney cancer. The Lancet. 2022 
Aug;400(10351):523–34. 

11. Rathmell WK, Rathmell JC, Linehan WM. Metabolic Pathways in Kidney Cancer: 
Current Therapies and Future Directions. JCO. 2018 Dec 20;36(36):3540–6. 

12. Ricketts CJ, De Cubas AA, Fan H, Smith CC, Lang M, Reznik E, et al. The Cancer 
Genome Atlas Comprehensive Molecular Characterization of Renal Cell Carcinoma. Cell 
Rep. 2018 Apr 3;23(1):313-326.e5. 

13. Chen YY, Hu HH, Wang YN, Liu JR, Liu HJ, Liu JL, et al. Metabolomics in renal cell 
carcinoma: From biomarker identification to pathomechanism insights. Archives of 
Biochemistry and Biophysics. 2020 Nov;695:108623. 

14. Courtney KD, Bezwada D, Mashimo T, Pichumani K, Vemireddy V, Funk AM, et al. 
Isotope Tracing of Human Clear Cell Renal Cell Carcinomas Demonstrates Suppressed 
Glucose Oxidation In Vivo. Cell Metabolism. 2018 Nov;28(5):793-800.e2. 

Page 13 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

13

15. Wettersten HI, Hakimi AA, Morin D, Bianchi C, Johnstone ME, Donohoe DR, et al. 
Grade-dependent metabolic reprogramming in kidney cancer revealed by combined 
proteomics and metabolomics analysis. Cancer Res. 2015 Jun 15;75(12):2541–52. 

16. Xiao Y, Clima R, Busch J, Rabien A, Kilic E, Villegas SL, et al. Decreased 
Mitochondrial DNA Content Drives OXPHOS Dysregulation in Chromophobe Renal Cell 
Carcinoma. Cancer Res. 2020 Sep 15;80(18):3830–40. 

17. Kurelac I, Iommarini L, Vatrinet R, Amato LB, De Luise M, Leone G, et al. Inducing 
cancer indolence by targeting mitochondrial Complex I is potentiated by blocking 
macrophage-mediated adaptive responses. Nat Commun. 2019 Dec;10(1):903. 

18. De Luise M, Girolimetti G, Okere B, Porcelli AM, Kurelac I, Gasparre G. Molecular 
and metabolic features of oncocytomas: Seeking the blueprints of indolent cancers. 
Biochimica et Biophysica Acta (BBA) - Bioenergetics. 2017 Aug;1858(8):591–601. 

19. Joshi S, Tolkunov D, Aviv H, Hakimi AA, Yao M, Hsieh JJ, et al. The Genomic 
Landscape of Renal Oncocytoma Identifies a Metabolic Barrier to Tumorigenesis. Cell 
Reports. 2015 Dec;13(9):1895–908. 

20. Zhang Y, Guillermier C, De Raedt T, Cox AG, Maertens O, Yimlamai D, et al. 
Imaging Mass Spectrometry Reveals Tumor Metabolic Heterogeneity. iScience. 2020 
Aug;23(8):101355. 

21. Özülker T, Özülker F, Özbek E, Özpaçaci T. A prospective diagnostic accuracy study 
of F-18 fluorodeoxyglucose-positron emission tomography/computed tomography in the 
evaluation of indeterminate renal masses. Nuclear Medicine Communications. 2011 
Apr;32(4):265–72. 

22. Gorin MA, Rowe SP, Allaf ME. Nuclear imaging of renal tumours: a step towards 
improved risk stratification. Nat Rev Urol. 2015 Aug;12(8):445–50. 

23. Rowe SP, Gorin MA, Solnes LB, Ball MW, Choudhary A, Pierorazio PM, et al. 
Correlation of 99mTc-sestamibi uptake in renal masses with mitochondrial content and 
multi-drug resistance pump expression. EJNMMI Res. 2017 Dec;7(1):80. 

24. Basile G, Fallara G, Verri P, Uleri A, Chiti A, Gianolli L, et al. The Role of 
99mTc‐Sestamibi Single-photon Emission Computed Tomography/Computed 
Tomography in the Diagnostic Pathway for Renal Masses: A Systematic Review and 
Meta‐analysis. European Urology. 2024 Jan;85(1):63–71. 

25. Zaccagna F, Grist JT, Deen SS, Woitek R, Lechermann LM, McLean MA, et al. 
Hyperpolarized carbon-13 magnetic resonance spectroscopic imaging: a clinical tool for 
studying tumour metabolism. BJR. 2018 Jan 19;20170688. 

26. Miller JJ, Grist JT, Serres S, Larkin JR, Lau AZ, Ray K, et al. 13C Pyruvate Transport 
Across the Blood-Brain Barrier in Preclinical Hyperpolarised MRI. Sci Rep. 2018 
Dec;8(1):15082. 

27. Woitek R, Gallagher FA. The use of hyperpolarised 13C-MRI in clinical body imaging 
to probe cancer metabolism. Br J Cancer. 2021 Mar 30;124(7):1187–98. 

28. Ursprung S, Woitek R, McLean MA, Priest AN, Crispin-Ortuzar M, Brodie CR, et al. 
Hyperpolarized 13C-Pyruvate Metabolism as a Surrogate for Tumor Grade and Poor 

Page 14 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

14

Outcome in Renal Cell Carcinoma—A Proof of Principle Study. Cancers. 2022 Jan 
11;14(2):335. 

29. Kaggie JD, Khan AS, Matys T, Schulte RF, Locke MJ, Grimmer A, et al. Deuterium 
metabolic imaging and hyperpolarized 13C-MRI of the normal human brain at clinical field 
strength reveals differential cerebral metabolism. NeuroImage. 2022 Aug;257:119284. 

30. De Feyter HM, Behar KL, Corbin ZA, Fulbright RK, Brown PB, McIntyre S, et al. 
Deuterium metabolic imaging (DMI) for MRI-based 3D mapping of metabolism in vivo. Sci 
Adv. 2018 Aug;4(8):eaat7314. 

31. De Feyter HM, de Graaf RA. Deuterium metabolic imaging – Back to the future. 
Journal of Magnetic Resonance. 2021 May;326:106932. 

32. Pohlmann A, Niendorf T, editors. Preclinical MRI of the Kidney: Methods and 
Protocols [Internet]. New York, NY: Springer US; 2021 [cited 2021 Mar 5]. (Methods in 
Molecular Biology; vol. 2216). Available from: http://link.springer.com/10.1007/978-1-
0716-0978-1

33. Grist JT, Riemer F, Hansen ESS, Tougaard RS, McLean MA, Kaggie J, et al. 
Visualization of sodium dynamics in the kidney by magnetic resonance imaging in a multi-
site study. Kidney International. 2020 Nov;98(5):1174–8. 

34. Kaggie JD, Lanz T, McLean MA, Riemer F, Schulte RF, Benjamin AJV, et al. 
Combined 23Na and 13C imaging at 3.0 Tesla using a single-tuned large FOV birdcage 
coil. Magnetic Resonance in Medicine. 2021;86(3):1734–45. 

35. Barrett T, Riemer F, McLean MA, Kaggie J, Robb F, Tropp JS, et al. Quantification of 
Total and Intracellular Sodium Concentration in Primary Prostate Cancer and Adjacent 
Normal Prostate Tissue With Magnetic Resonance Imaging. Investigative Radiology. 
2018 Aug;53(8):450–6. 

36. Deen SS, Riemer F, McLean MA, Gill AB, Kaggie JD, Grist JT, et al. Sodium MRI 
with 3D-cones as a measure of tumour cellularity in high grade serous ovarian cancer. 
Eur J Radiol Open. 2019 Apr 19;6:156–62. 

37. UK Renal Imaging Network (UKRIN): MRI Acquisition and Processing 
Standardisation (MAPS) - The University of Nottingham [Internet]. [cited 2022 Feb 27]. 
Available from: https://www.nottingham.ac.uk/research/groups/spmic/research/uk-renal-
imaging-network/ukrin-maps.aspx

38. Chan AW, Tetzlaff JM, Gotzsche PC, Altman DG, Mann H, Berlin JA, et al. SPIRIT 
2013 explanation and elaboration: guidance for protocols of clinical trials. BMJ. 2013 Jan 
9;346(jan08 15):e7586–e7586. 

39. Kendall TJ, Robinson M, Brierley DJ, Lim SJ, O’Connor DJ, Shaaban AM, et al. 
Guidelines for cellular and molecular pathology content in clinical trial protocols: the 
SPIRIT-Path extension. The Lancet Oncology. 2021 Oct 1;22(10):e435–45. 

40. Daniels CJ, McLean MA, Schulte RF, Robb FJ, Gill AB, McGlashan N, et al. A 
comparison of quantitative methods for clinical imaging with hyperpolarized 13 C‐pyruvate. 
NMR Biomed. 2016 Apr;29(4):387–99. 

41. Kaggie JD, Khan AS, Matys T, Schulte RF, Locke MJ, Grimmer A, et al. Deuterium 
metabolic imaging and hyperpolarized 13 C-MRI of the normal human brain at clinical field 

Page 15 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

15

strength reveals differential cerebral metabolism [Internet]. Oncology; 2022 Feb [cited 
2022 Feb 27]. Available from: http://medrxiv.org/lookup/doi/10.1101/2022.02.07.22269533

Page 16 of 18

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at U
n

iversite P
aris E

st C
reteil

 
o

n
 Ju

n
e 7, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-083980 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


For peer review only

16

Figure Legend

Figure 1: Study flow chart. MRSI = magnetic resonance spectroscopy imaging.
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Abstract

Introduction: Localised renal masses are an increasing burden on healthcare due to the rising 
number of cases. However, conventional imaging cannot reliably distinguish between benign 
and malignant renal masses, and  renal mass biopsies are unable to characterise the entirety 
of the tumour due to sampling error, which may lead to delayed treatment or overtreatment. 
There is an unmet clinical need to develop novel imaging techniques to characterise renal 
masses more accurately. Renal tumours demonstrate characteristic metabolic 
reprogramming, and novel MRI methods have the potential to detect these metabolic 
perturbations which may therefore aid accurate characterisation. Here we present our study 
protocol for the Investigation of the differential biology of Benign and Malignant renal masses 
using advanced magnetic resonance imaging techniques (IBM-Renal).

Methods and analysis: IBM-Renal is a multi-arm, single-centre, non-randomised, feasibility 
study with the aim to provide preliminary evidence for the potential role of the novel MRI 
techniques to phenotype localised renal lesions. 30 patients with localised renal masses will 
be recruited to three imaging arms, with 10 patients in each: 1) hyperpolarised [1-13C]-pyruvate 
MRI (HP 13C-MRI), 2) deuterium metabolic imaging (DMI), and 3) sodium MRI (23Na-MRI). The 
diagnosis will be made on samples acquired at biopsy or at surgery. The primary objective is 
the technical development of the novel MRI techniques with ultimate aim to understand 
whether these can identify differences between benign and malignant tumours, while the 
secondary objectives aim to assess how complementary the techniques are, and if they 
provide additional information. Exploratory objective will be to link imaging findings with clinical 
data and molecular analyses for biological validation of the novel MRI techniques.

Ethics and dissemination: This study was ethically approved (UK REC HRA: 22/EE/0136; 
current protocol version 2.1 dated 11/08/2022). The plans for dissemination include 
presentations at conferences, publications in scientific journals, a doctoral thesis, and patient 
and public involvement.

Registration details: ClinicalTrials.gov: NCT06016075

Strengths and limitations of this study
• IBM-renal is the first prospective study to investigate the role of deuterium metabolic imaging 

and sodium MRI for the characterisation of indeterminate renal masses.
• As a patient can be recruited to different imaging arms of the study, this will allow a direct 

comparison of novel MRI techniques for informing about the nature or the renal masses.
• Multimodal assessment of these renal masses, including clinical, imaging, pathology data, will 

be conducted.
• Limitations of the study include potential pathological undergrading of benign renal masses, as 

some of these diagnoses are based on a single biopsy.
• If the primary outcomes are met, this will be used to inform a large-scale study.
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Introduction

Clinical need in management of localised renal masses:
The incidence of renal cancer has increased significantly during the last two decades, with 
13,322 new cases diagnosed annually in the UK, corresponding to an age-standardised 
incidence of 8.2 per 100,000 [1]. Depending on histological subtype and other tumour- and 
patient related factors (such as tumour location, complexity, patient comorbidities, surgical 
history, renal function), the management options range from active surveillance to radical 
surgical resection [2]. An important unmet clinical need is that conventional imaging methods 
cannot reliably distinguish aggressive RCC subtypes from indolent renal masses [3]. Although 
an invasive renal mass biopsy is a key tool for discriminating radiologically indeterminate renal 
lesions, it is subject to sampling error which is particularly problematic in heterogeneous 
lesions. Biopsies may also be clinically challenging to perform, and are non-diagnostic in up 
to 20% of cases, which can result in either unnecessary or delayed surgery [4–7]. Importantly, 
earlier detection and treatment have not resulted in decreased mortality, suggesting there is 
an overdiagnosis and potentially overtreatment of benign renal tumours [1,8]. As RCC remains 
one of the most lethal urological malignancies [9], there is a pressing need for novel methods 
to identify and characterise renal masses more accurately [10]. 

Metabolic changes in RCC:
Renal cell tumours harbour significant metabolic perturbations and different histologic 
subtypes have distinct metabolic phenotypes. In clear cell renal cell carcinoma (ccRCC), the 
major genetic driver is the loss of the von Hippel-Lindau (VHL) tumour suppressor gene, which 
leads to accumulation of hypoxia-inducible factor 1 (HIF1) with downstream transcriptional 
activation of pathways involved in glycolysis [11,12]. Metabolomic analyses have confirmed 
increased lactate labelling after [U‑13C]glucose infusion in ccRCC tumours compared to 
adjacent normal kidney with glycolysis increasing in a grade-dependent manner [13–15]. On 
the other hand, renal oncocytomas, which are classified as benign renal masses, suppresses 
oxidative metabolism due to defective complex I within the mitochondrial electron transport 
chain [11,16–18]. Therefore, it is not clear to what extent the ratio between glycolytic and 
oxidative metabolism varies across aggressiveness of renal neoplasms [17,19]. Recently 
studies have also reported mitochondrial respiration defects in both renal oncocytoma and its 
malignant counterpart, chromophobe RCC (chRCC), with the potential for differentiation 
based on genomic, transcriptomic, and metabolic levels [16,17,20]. The question to be 
addressed in this study is whether MRI can be used to phenotype the aggressiveness of renal 
masses, and can therefore implemented to help risk-stratify tumours to inform management 
decisions.

Imaging metabolism:
Building upon the evidence described above, we hypothesise that novel MRI imaging 
techniques can non-invasively characterise whole-tumour metabolism and its heterogeneity 
across renal tumours. The most common clinical tool for assessment of tumour metabolism 
uses a radiolabelled glucose analogue, 18F-FDG, in conjunction with positron emission 
tomography (18F-FDG-PET), but is limited by renal excretion of tracer and has failed to show 
success in characterising renal tumours [21,22]. 99mTc-sestamibi in conjunction with Single-
Photon Emission Computed Tomography (SPECT) has been used to detect a variable degree 
of tracer uptake in renal oncocytoma compared to chRCC in a small number of patients, which 
has been attributed to the tracer accumulation in cells with high levels of mitochondria [23,24]. 
However, both techniques expose patients to ionising radiation, have poor soft tissue contrast, 
and the inability to detect specific downstream metabolites or their metabolic 
compartmentalisation [25,26].

Our multidisciplinary group are developing novel non-radioactive and non-invasive clinical 
tools for imaging tumour metabolism. For example, hyperpolarised [1-13C]-pyruvate MRI (HP 
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13C-MRI), following injection of intravenous hyperpolarised 13C-pyruvate, can be used to 
simultaneously detect glycolytic metabolism in the cytosol and oxidative metabolism in the 
mitochondria in tissue where there is sufficient metabolism [27]. Two recent papers have 
shown that 13C-lactate labelling can be used to distinguish high grade ccRCC from lower grade 
tumours, driven by the pyruvate transporter (MCT1) [28]. Furthermore, a case of a renal 
oncocytoma displayed the lowest pyruvate-to-lactate conversion compared to a range of 
malignant masses, including ccRCCs, suggesting that this may be a tool for discriminating 
these lesions [28].

More recently, we have implemented deuterium (2H) metabolic imaging (DMI) at clinical field 
strength as an alternative method for non-invasive detection of metabolism using orally 
administered deuterated glucose [29]. This method can also be used to detect cytosolic lactate 
formation and mitochondrial oxidative metabolism, and is complementary to the information 
provided by HP 13C-MRI [30,31]. We have undertaken this in the brain at clinical field strength 
(3T) and will apply it to the kidney in this study using dedicated hardware to assess whether 
differential glucose metabolism can be used to differentiate benign from malignant lesions.

Imaging cellularity and structure:
To complement the metabolic measurements, we will evaluate non-invasive methods to 
distinguish benign from malignant lesions based on differences in cellularity on histology. 23Na-
MRI is a complementary tool to probe tissue structure as a measure of the tissue sodium 
concentration which is a function of cellularity due to the concentration gradient across the cell 
membrane. The method can also be used to extract an intracellular-weighted component of 
the sodium pool as a measure of the transmembrane sodium gradient [32]. In the presence of 
hypoxia, the sodium/potassium adenosine triphosphate pump (Na+/K2+-ATPase) may be 
inhibited, leading to alterations in the sodium concentration [32,33]. We have previously shown 
how 23Na-MRI can be used to demonstrate the Na+ gradient across the corticomedullary axis 
in the normal kidney and how this can be used to assess dynamic changes in renal sodium 
[33]. We have also recently developed a novel birdcage MRI coil system for high resolution 
23Na-MRI of the normal kidneys [34], which we will apply to imaging focal renal pathology as 
part of this study. We have shown the potential of 23Na-MRI in several cancer types, correlating 
with cellularity on histology, and will apply this to small renal masses for the first time here 
[35,36].

In addition, we have developed complementary 1H-MRI methods to quantitatively map T2 
relaxation properties within tissue for assessment of diffuse renal disease [37]. Here we will 
assess whether these can distinguish benign from malignant lesions. These parameters are 
dependent on the local tissue chemical properties and reflect the microenvironmental 
differences between benign and malignant disease.

Rationale for the study:
This feasibility study will explore the role of multimodal MRI in characterising localised renal 
masses and how it can exploit the known biological differences between benign and malignant 
lesions. The project will assess if MRI can probe structure, function, and metabolism within 
the tumour and its microenvironment using three techniques:

1) HP 13C-MRI as a non-invasive measure of tissue metabolism following injection of 
hyperpolarised 13C-pyruvate to probe tumour lactate labelling. 

2) DMI as an alternative method to probe both glycolytic and oxidative metabolism 
following oral deuterium labelled glucose to detect both lactate and the combined 
signal from glutamine+glutamate (Glx).

3) Measures of the tumour cellularity, heterogeneity, and membrane ion gradients using 
23Na-MRI and fast, high-resolution measures of T2 relaxation.

The aim is to provide preliminary evidence for the potential role of these techniques to 
phenotype localised renal lesions and how they can be used as part of a larger multicentre 
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study. The ultimate goal is to provide non-invasive tools for early detection of small aggressive 
renal tumours to enable timely surgical intervention.
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Methods and analysis
The study is reported in accordance to Standard Protocol Items: Recommendations for 
Interventional Trials (SPIRIT) checklist [38], with SPIRIT-Path extension [39].

Study design and objectives
The IBM-Renal (Investigation of differential biology of Benign and Malignant Renal masses 
using advanced magnetic resonance imaging techniques) study is designed as a feasibility 
study to acquire preliminary data with set imaging protocols as defined based on our previous 
work, and these results will be used to optimise future imaging protocols and to inform large-
scale studies. The study will be conducted as a non-randomised, physiological imaging study 
in patients with localised renal masses, at a single site: Addenbrooke’s Hospital, Cambridge 
University Hospitals NHS Foundation Trust. For all imaging studies, the primary objective will 
be the technical development of each imaging technique with ultimate aim to understand 
whether the methods can identify any differences between benign and malignant tumours, 
including measuring the 13C-pyruvate-to-lactate conversion with HP 13C-MRI, quantifying 
sodium concentration using 23Na-MRI, detecting 2H-glucose and its metabolites using DMI. 
Secondary objectives will aim to compare the imaging techniques to understand if they can 
produce complementary information. As an exploratory part of the study, the objective will be 
to link the imaging data with clinical data and tissue molecular analyses for biological validation 
of the novel MRI techniques. Diagnostic accuracy analysis is not foreseen at this stage.

Participant selection
Participants will be identified through multidisciplinary team meetings or by clinical teams 
involved in their routine care at Addenbrooke’s Hospital, and recruited if they meet all the 
inclusion and none of the exclusion criteria as detailed in Table 1. The participants will be 
allocated into three imaging arms with 10 patients in each: 1) HP 13C-MRI; 2) DMI; and 3) 
23Na-MRI. 1H-MRI with T2-mapping will be performed in all patients. The recruited participant 
will be allocated to one of these imaging techniques by the Chief Investigator. This will be 
based on the availability of kits for HP 13C-MRI, availability of the deuterated glucose drink for 
the DMI study and/or availability of the research MRI scanner. The aim is to recruit at least 
four patients in each arm with an oncocytic renal neoplasm (mostly oncocytomas) and at least 
four patients with RCCs as determined by clinical pathology assessment to enable direct 
comparison. Half of the patients in each arm will be selected from a cohort of newly diagnosed 
renal masses and imaged prior to biopsy, with 75-80% of these expected to have RCCs, and 
most of the remainder having oncocytic neoplasms. The other half will be acquired from 
retrospective cohorts of patients with previously diagnosed oncocytic neoplasms on active 
surveillance at least 6 weeks post biopsy. Diagnosis will be made on tissue samples acquired 
at biopsy or at surgery if applicable, using molecular markers where possible. This approach 
will ensure an appropriate balance between benign and malignant lesions in each cohort.

Table 1: Inclusion and exclusion criteria for selection of study participants.

Inclusion criteria Exclusion criteria
• Over 18 years old
• Able to and provide written informed 

consent to participate
• If female: postmenopausal or if a woman of 

childbearing potential (WOCBP) using a 
suitable contraception

• If male, using a suitable contraceptive 
method for the duration of the study

• Radiologically suspected or pathologically 
confirmed benign or malignant renal 
masses, as determined by standard clinical 
practice

The presence of any of the following will 
preclude participation as determined by the 
delegated investigator:

• Contraindication or inability to tolerate MRI 
• Pregnant or actively breast-feeding woman
• If using an intrauterine contraceptive device 

(IUCD) as a method of contraception the 
device should be MRI safe at 3 T 
(researcher to confirm)

• Clinically significant cardiac, pulmonary, or 
neurological diseases as determined by the 
investigators
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• Capable of undergoing a minimum of one 
study visit

• Laboratory abnormalities that may impact 
on the study results

• Any other significant medical or psychiatric 
history rendering the subject ineligible as 
deemed by the investigators

Participants may be removed from the study at their choice or at the Investigator’s discretion 
if it is felt to be clinically appropriate. Reasons for participant withdrawal will be recorded. 
Primary reasons for withdrawal may include Serious Adverse Event (SAE), withdrawal of 
consent, lost to follow up, participant non-compliance, or study closed or terminated. 
Participants who are withdrawn from the study or do not complete at least one scan will be 
replaced.

Interventions
Study participants will be deemed evaluable if they receive at least one scan on any of the 
three imaging techniques. Each study participant will be allocated a unique study number 
following study enrolment and will be identified by this number throughout the data collection 
and analysis process.

The participants will be asked to attend all or some of these timepoints:

1. Baseline imaging visit.
2. An optional repeat scan within seven days of the first scan using the same imaging 

technique.
3. For those not taking part in Part 2 above, an optional scan with another imaging 

technique within 14 days of the first scan. The second imaging arm will be 
determined as detailed above; that is by the Chief Investigator based on the 
availability of the imaging kits and the research MRI scanner.

4. An optional research biopsy will be undertaken at standard of care surgery or at 
biopsy, whichever will be clinically indicated and performed.

The study flow chart is presented in Figure 1.

Table 2 provides an overview of assessments to be performed at each study visit.

Table 2: Schedule of assessments.

Visit/DaysAssessment
Screening a Baseline MRI 

visit
Optional repeat 
MRI visit within 
seven days of 
baseline (if 
applicable)

Optional MRI 
visit with 
different 
imaging 
technique 
within 14 days 
of baseline (if 
applicable)

Attend Unit * * * *
Consent b * * * *
Medical History *
Demography (weight, 
height, sex, Date of 
Birth)

*

Clinical Examination *
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ECOG performance 
score

* * if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Venous blood sample 
c, d

* * * *

Pregnancy test in 
WOCBP

* * * *

MRI scan * * *
General/additional 
assessments

* if clinically 
indicated

* if clinically 
indicated

* if clinically 
indicated

Vital Signs
• Pre-imaging
• Post-imaging

*
*
*

*
*

*
*

Injection of 13C-
pyruvate and/or 
deuterated glucose 
drink (for 13C-
pyruvate and DMI 
techniques only)

* * *

* Applicable assessment
a. We will attempt to screen for participants during their standard of care visits and use of medical records.
b. Ongoing consent will be confirmed at each visit.
c. Venous blood samples will include but may not be limited to; biochemical series and liver function test.
d. Full blood count samples will only be required at injection timepoints if they have not been taken recently 

i.e. within 14 days.  These results will be copied in the study data.

For participants with benign renal masses that subsequently undergo active surveillance and 
have repeat MRI scans, we will seek the permission from the participants to review the 
clinically required MRI scan and compare to what was collected at the research scan. If the 
participant is not due to have a clinically required MRI scan, the research team will not affect 
this decision.

We will endeavour to minimise the number of injections and/or deuterated drinks for each 
participant, in as, the maximum number of injections/drinks will be limited to two each. Routes 
of administration for each of the imaging agents are as following:

• HP 13C-MRI: Single intravenous injection of up to 40 mL at 0.4 mL/kg of 13C-pyruvate 
through an intravenous cannula while the study participant is in position on the scanner 
bed. Scanning will begin 12 s after the injection. There will be an optional repeat 
injection of 13C-pyruvate at all imaging visits to test for repeatability of the 13C-MRI 
technique. These will take place within seven days of the first scan.

• 23Na-MRI: Not applicable. No additional research probe will be given to the participant 
as part of this imaging technique.

• DMI: At each imaging visit the participant will receive a deuterated glucose solution 
where 60 g of glucose is dissolved in 200 mL of water for injection (WFI) and the dose 
solution will be adjusted to their body weight at 0.75 g/kg body weight. Scanning will 
begin 60 min after the drink ingestion. There will be an optional repeat deuterated drink 
at all imaging visits to test for repeatability of the DMI technique. These will take place 
within seven days of the first scan.

The sample size calculation and outcomes
The study has been powered to assess changes in the 13C-pyruvate metabolism from the data 
we collected from nine treatment-naïve renal tumour patients [28]. This work showed that the 
median pyruvate-to-lactate conversion constant (kPL) in ccRCCs was 0.0065 (range 0.0024-
0.0151), while it was 0.0043 (range 0.0028-0.0076) in the normal kidney.  This study also 
reported metabolism in a single case of renal oncocytoma, which showed both the lowest 
conversion constant and lactate-to-pyruvate ratio. There are currently no published studies 
assessing DMI and 23Na-MRI quantitative parameters in human kidney tumours.
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Based on the parameters obtained from the HP-13C-MRI, pragmatic sample sizes have been  
we therefore determined the following sample sizes for priming of the study: we plan to include 
up to 30 participants in total: 15 with benign renal masses and 15 with malignant renal masses. 
These participants will be divided equally into three imaging arms (HP 13C-MRI, 23Na-MRI and 
DMI); therefore five benign and five malignant participants will be recruited to each imaging 
arm. If participants are willing to take part in the optional additional scan using a different 
imaging technique, these participants will be counted towards both arms of the study and 
therefore the total number recruited to the study will be less than 30 participants. Planned 
timeline for the study is the start date 1st January 2023, primary completion date 31st August 
2025, with study completion by the 1st January 2026.

Descriptive statistics will be used. The primary covariates to be studied are as follows:
• HP-13C-MRI: ratio of the summed hyperpolarised 13C-lactate to the summed 13C-

pyruvate over the timecourse of the experiment as a quantitative metric of pyruvate-
to-lactate exchange catalysed by the enzyme lactate dehydrogenase (LDH). This 
metric is termed the lactate-to-pyruvate ratio (LAC/PYR). We have significant 
experience in developing quantitative methodology to analyse this data [40].

• 23Na-MRI: total sodium concentration (TSC), as a metric to quantify accumulation of 
Na+ in the tissue of interest. This metric was used in comparison between prostate 
cancer and normal prostate tissue[35].

• DMI: primary goal is the technical development of the abdominal DMI, which has not 
been extensively developed yet due to limitations in detection of metabolites within the 
DMI spectrum in abdomen attributed to lipid peaks and variability of tissues. However, 
we aim to evaluate the ratio of the summed 2H-lactate over the summed combined 
signal from 2H-glutamine+2H-glutamate (2H-Glx) as a measure of the ratio of glycolysis 
to oxidative metabolism as previously shown in healthy human brain[41].

Data management and confidentiality
Case Report Form (CRF)
All data collected during the study will be collected or transferred into the CRF which will be 
anonymised. All study data in the CRF must be extracted from, and be consistent with, the 
relevant source documents. The CRFs must be completed, dated, and signed by the 
investigator or designee in a timely manner. The CRF will be accessible to relevant study team 
members, study monitors, auditors or inspectors as required.

Data protection and participant confidentiality
All investigators and study site staff involved in this study must comply with the requirements 
of the General Data Protection Regulation (GDPR) 2018 and Trust Policy with regards to the 
collection, storage, processing, and disclosure of personal information and will uphold core 
principles. The personal data recorded on all documents will be regarded as strictly 
confidential.

Study documentation and archiving
All essential source and study documentation including the Study Master File, source data, 
and proforma will be securely archived after the last analysis of the study data has been 
completed and the Final Study Report has been submitted to the relevant authorities.  
Archiving must be provided as per local policy or the length of time specified by current 
applicable legislation, whichever is the longer. The Investigator must not destroy any 
documents or records associated with the study without written approval from the Sponsor.
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Ethics and dissemination

Ethical and Regulatory Considerations
Following the application through the Integrated Research Application System (IRAS, number: 
314155), this study with related documentation has been approved by the East of England – 
Cambridge East Research Ethics Committee (REC), Health Research Authority (HRA), 
receiving the REC reference: 22/EE/0136. The Research & Development (R&D) Department 
of Cambridge University Hospitals NHS Foundation Trust and the University of Cambridge act 
as sponsors for this research project with respect to the UK Policy Framework for Health and 
Social Care Research. Further ethical and regulatory considerations are detailed below.

Informed Consent form
The Informed Consent form was approved by the REC and is in compliance with good clinical 
practice (GCP), local regulatory requirements, and legal requirements. The investigator must 
ensure that each study participant, or their legally acceptable representative, is fully informed 
about the nature and objectives of the study and possible risks associated with their 
participation. The suitably trained investigator will obtain written informed consent from each 
participant before any study-specific activity is performed. The investigator will retain the 
original of each signed informed consent form.

Research Ethics Committee review
Before the start of the study or implementation of any amendment we will obtain approval of 
the study protocol, protocol amendments, informed consent forms and other relevant 
documents e.g., advertisements and GP information letters if applicable from the REC.  All 
correspondence with the REC will be retained in the Study Master File.

Regulatory issues
This study is not a Clinical Trial of an Investigational Medicinal Product (IMP) as defined by 
the European Union (EU) Directive 2001/20/EC and no submission to the Clinical Trials Unit 
at the Medicines and Healthcare products Regulatory Agency (MHRA) is required.

Protocol amendments
Protocol amendments must be reviewed and agreed by the Sponsor prior to submission to 
the REC/HRA. The only circumstance in which an amendment may be initiated prior to 
REC/HRA approval is where the change is necessary to eliminate apparent, immediate risks 
to the participants (Urgent Safety Measures). In this case, accrual of new participants will be 
halted until the REC/HRA approval has been obtained.

Declaration of Helsinki and Good Clinical Practice
The study will be performed in accordance with the spirit and the letter of the declaration of 
Helsinki, the conditions and principles of GCP, the protocol and applicable local regulatory 
requirements and laws.

GCP training
All study staff must hold evidence of appropriate GCP training or undergo GCP training prior 
to undertaking any responsibilities on this study.  This training should be updated every 2 
years or in accordance with Cambridge University Hospitals NHS Foundation Trust policy.

Safety considerations:
Adverse Reactions/ Expected Adverse Events
There are no expected adverse reactions (AR) associated with 13C-pyruvate and deuterated 
glucose MRI.  If any ARs are observed during this study, they will be recorded on the proforma 
and reviewed by the research team.
The following adverse events (AE) are known side effects of the assessment procedures:

• Bruising at the sites of venepuncture.
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• For those participants having the 13C-pyruvate injection, a transient local reaction 
at site of injection, a transient change in taste, and mild flushing.

They are generally not serious in nature and will not be recorded in the AE/AR log as part of 
this study.
Participants with solid malignancies are expected to have cancer and treatment related 
adverse events and some of them may be serious adverse events (SAE). However, as these 
are related to cancer rather than the study procedures they will not be recorded or collected 
as study data during this study. Only study procedure related SAE will be recorded.

Recording, evaluation and reporting of adverse events 
The Sponsor expects that all adverse events are recorded from the point of Informed Consent. 
All AR/AEs will be assessed by the investigator and recorded in medical notes as well as on 
the proforma (except for expected AEs and SAEs related to cancer).
Individual adverse events should be evaluated by the Investigators. This includes the 
evaluation of its seriousness, causality, severity, and any relationship between the medicinal 
product(s) and/or concomitant therapy and the adverse event.

The Chief Investigator is responsible for the prompt notification to the Sponsor and the REC 
that gave a favourable opinion of the study where in the opinion of the Chief Investigator the 
event was:

• “related”: that is, it resulted from administration of any of the research procedures; 
and 

• “unexpected”: that is, the nature and severity of the event is not listed in the protocol 
or the investigators brochure as an expected occurrence. 

Reports of related and unexpected SAEs should be submitted to the Sponsor and the REC 
within 15 days of the Chief Investigator becoming aware of the event.

Toxicity – Emergency Procedures
No toxicity is expected as both pyruvate or glucose are endogenous products. However, in 
the event of an acute hypersensitivity reaction, supportive care will be given to the participant 
according to local clinical procedures.

Patient and Public Involvement (PPI)
Patient representative groups were closely involved in preparation of the Study protocol. We 
have sought help from the Cambridge University Hospitals PPI Panel, who kindly reviewed 
the study documentation we were intending to submit with the IRAS for the REC review. With 
their valuable feedback we have adapted documentation to make it easier to follow, such as 
developing graphic representations of the study procedures, and preparing separate 
documents for each of the imaging arms.

Dissemination plans
The clinical and feasibility data are expected to be of great interest to the uro-oncological 
community, including radiologists, pathologists, surgeons, and oncologists. Results will be 
reported internally, presented at conferences, published in peer reviewed scientific journals, 
and will constitute a part of a PhD thesis. Further, we will engage patients and the public by 
organising workshops reporting the findings of the study and presenting at the public 
engagement festivals.
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Figure Legend

Figure 1: Study flow chart. MRSI = magnetic resonance spectroscopy imaging.
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Does the participant consent to the study, meet all inclusion criteria and have no 
exclusion criteria? 

No 

23Na-MRI (n=10) DMI (n=10) 

MRI and MRSI scans with 
13C-pyruvate injection with 

study assessments at 
baseline 

Identification by clinical team of participants 

Optional research biopsy 
taken at standard of care 

surgery 
OR 

Optional research biopsy 
taken at standard of care 

biopsy appointment 

Optional repeat injection 
and scan within seven 

days of previous imaging 
OR 

Optional scan as part of 
another cohort within 

14 days (e.g. 23Na-MRI or 
DMI) 

MRI and MRSI scans with 
study assessments at 

baseline 

Optional research biopsy 
taken at standard of care 

surgery 
OR 

Optional research biopsy 
taken at standard of care 

biopsy appointment 
 

Optional repeat scan 
within seven days of 

previous imaging 
OR 

Optional scan as part of 
another cohort within 
14 days (e.g. HP 13C-

pyruvate or DMI) 

MRI and MRSI scans with 
deuterated drink with 
study assessments at 

baseline 

Optional research biopsy 
taken at standard of care 

surgery 
OR 

Optional research biopsy 
taken at standard of care 

biopsy appointment 
 

Optional repeat 
deuterated drink and scan 

within seven days of 
previous imaging 

OR 
Optional scan as part of 

another cohort within 
14 days (e.g. HP 

13C-pyruvate or 23Na-MRI) 
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