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1.  PROJECT TITLE 

Short title - Can a breath hold PET/CT improve the detection and assessment of metastatic liver lesions?
Scientific title - In adults referred for positron emission tomography/computed tomography (PET/CT) does the addition of a 20 second breath hold PET/CT improve the characterization of suspected liver metastases: a prospective pilot study.

Project identifier – RHHNM2024_01

Ethics approval – pending (application through UTAS HREC).
ANZCTR – submitted 24/3/24, pending.

2. INVESTIGATORS AND ROLES
Principal investigator – Dr Tony Bose, Radiology Registrar, Royal Hobart Hospital. Study design, recruitment, data collection, data analysis, publication.

Associate investigator – Dr Damien Brauchli, Radiologist/Nuclear Medicine Physician, Royal Hobart Hospital. Project supervisor. Study design.

Associated investigator – Dr Owen Pointon, Nuclear Medicine Physician, Royal Hobart Hospital. Study design.
3. ABSTRACT
The detection and characterization of suspected metastatic liver lesions close to the diaphragm can be impacted by the effects of respiratory motion. Lesions may be inadequately characterized, or missed altogether. Modern PET/CT scanners utilize respiratory-gating which corrects for the patient’s breathing during the PET/CT acquisition however this issue still occurs. A small number studies in the last fifteen years have demonstrated that a single breath hold PET acquisition between 15-60 seconds is able to increase the accuracy of small metabolically active lesions, though mostly demonstrated for lung nodules.
We aim to compare free breathing, respiratory gating and a single 20 second breath hold PET/CT in patients and characterize the differences in metabolic activity of metastatic liver tumours across these three breathing techniques in an open, non-randomized crossover clinical trial of twenty six patients referred for PET/CT with multiple suspected liver metastases. The results of this study can potentially improve the detection of small metastatic liver lesions. This study will be prospectively approved by local research governance, human research ethics committee and registered with the Australia New Zealand Clinical trials registry (ANZCTR). 
Keywords: PET/CT, liver metastasis, breath hold, diagnostic imaging, radiology, nuclear medicine. 
4.  AIMS 
We hypothesize that a short 20 second breath hold PET/CT is able to characterize small metastatic liver lesions close to the diaphragm.
Our study aims to compare free-breathing, respiratory gating and a single breath hold of 20 seconds in the characterization of metastatic liver lesions. 
The primary objective is to compare the percentage difference in standardized uptake maximum value (SUV max), along with other measurements of tumour activity including SUVmean and metabolic tumour volume between free breathing, respiratory gating and a 20 second breath hold.
Secondary outcomes are to compare the difference in total number of liver lesions, as well as identify correlation between detected liver lesions and distance from the diaphragm.
5.  PARTICIPATING SITES
This is a single centre study, conducted at the Royal Hobart Hospital Department of Nuclear Medicine.

6.  STUDY DESIGN
Design

This study will be conducted as a prospective, non-randomized, non-blinded crossover clinical trial. 
Institutional review and approval

This study will be approved by the local human research ethics committee (HREC), the institutional research governance unit (RGU) and registered with the Australian and New Zealand Clinical Trials Registry (ANZCTR).
Enrolment
Patients will be recruited from the Department of Nuclear Medicine during the enrolment period. It is standard care for the supervising nuclear medicine physician to review the referral and prior imaging studies for patients referred for positron emission tomography/computed tomography (PET/CT) the day before the PET/CT appointment. Supervising physicians will be provided with information and education regarding eligible patients, and then will inform the principal investigator (PI). The PI will contact the eligible participant in-person on the day of their scheduled PET/CT and invite them to participate, discussing the merit, risks and potential benefits of the participation.
All participants will undergo the control which is the standard of care, a whole-body PET/CT, and immediately following this, the proposed intervention, a breath-hold PET/CT. There is no further involvement for the participant beyond this. Enrolment will conclude when 26 patients have been enrolled, estimated 6 months.
Inclusion criteria:

Age 50 years and over
Referral for initial staging or restaging of suspected or confirmed metastatic cancer.
Multiple liver lesions (two or more) demonstrated on recent imaging (within 90 days of the PET/CT date, described on computed tomography (CT) or magnetic resonance imaging (MRI) diagnostic tests. Metastatic tumours are defined by their inclusion in the medical imaging diagnostic report. 
Able to breath hold at least 20 seconds at enrolment.
Exclusion criteria:
Recent restaging CT or MR demonstrating partial or complete response to treatment (as defined by RECIST criteria) with reduction in the size and number of metastatic liver lesions.
Pregnant or breastfeeding.
Unable to give consent.
Control:

This is a crossover study; each patient will undergo the intervention and serve as their own control. The purpose of this is to allow direct comparison between liver lesions within the same patient while altering the variable of breathing status. The control of a whole-body PET/CT will be performed first, and then the intervention immediately after, before the patient exits the PET/CT scanner. 
Participants are injected with 3mg/kg fluorine-18-deoxyoglucose (F18-FDG) in 10mLs normal saline 0.9% as a bolus followed by a flush of 10mLs normal saline 0.9% and enter the PET/CT system approximately 60 minutes following injection. Participants are positioned in the PET/CT system (GE Discovery MI Gen 2, General Electric, Boston, Massachusetts, USA) with arms beside the body and in a supine position. Automatic voice announcements are provided to the patient to breath in a regular and shallow manner. An initial low dose non contrast CT is performed from skull vertex to mid thighs with standard settings (50mAs tube current, 120kV tube voltage, 3mm slice thickness, 2mm increments), followed by PET acquisitions of 2 minutes at different bed positions from the vertex to the mid-thighs. Generally, 12-14 bed positions are required (2 minutes per position from vertex to pelvis, 1 minute for legs and feet, total time 20 – 24 minutes). This data is processed, stored on the institutional picture archiving and communication software (PACS) and immediately available for review and interpretation by the supervising physician. This is standard care, and the diagnostic imaging test the participant has been referred for by their specialist. 
Intervention:

The intervention is a 20 second breath-hold PET/CT. Two 20 second acquisitions are performed, an initial low dose non contrast CT of the upper abdomen, and a 20 second PET acquisition of the upper abdomen. Both are acquired with the patient holding breath at full deep inspiration. 

All patients will undergo the intervention at the end of their standard whole-body PET/CT, thus no additional F18-FDG is required. The intervention in no way affects the diagnostic accuracy of the control and vice versa.
The participant will be instructed by the nuclear medicine technician to perform several deep breaths, then a single deep inspiration following a short countdown from 5 seconds. A low dose non contrast CT of the upper abdomen will be performed (50mAs tube voltage, 120kV tube current, 3mm slice thickness, 2mm increments, diaphragm to inferior liver margin approximately 25cm). Once this breath hold CT is complete, the participant will be asked to regain their breath. After 30 seconds, they will be instructed by the nuclear medicine technician to perform several deep breaths, then a single deep inspiration following a short countdown from 5 seconds. Once at full inspiration by visual confirmation, PET data is acquired in a single bed position of the upper abdomen. After 20 seconds as timed using a digital stopwatch by the nuclear medicine technician, the patient will be instructed to breathe normally. If the breath is interrupted during the PET acquisition, a repeat attempt will be performed. If failed a second time, breath hold will be abandoned.
Adherence to the intervention is controlled by the study investigators, nuclear medicine technicians and supervising radiologist/nuclear medicine physician. Interrupted breath hold for CT is not repeated, in order to ensure minimal radiation to the patient. Interrupted breath hold for PET will be repeated once only, after this the intervention will be abandoned.

Patients are reviewed by a nurse following their standard PET/CT to ensure participant wellness and normal vital observations, which will occur in this study. This is standard care following a PET/CT. No specific additional post-trial provisions are planned.  
Allocation

This is a crossover study, all patients will sequentially undergo the control followed by the intervention. Eligible and consenting participants will be enrolled consecutively until the required study number has been reached. There is no blinding, randomization or concealment due to the crossover nature. 
Sample size:

Twenty-six patients will be included.
Liver metastasis from colorectal malignancy standard uptake maximum value is approximately 4.5. We estimate breath hold will result in a 25% increase in SUVmax. Using a power of 80% and alpha of 0.05, a sample size of 26 patients would be required to detect this difference.

Data collection:

A case report form will be completed for each patient included in the study. This will be performed by the principal investigator, a senior trainee in radiology with 4 years experience in diagnostic imaging interpretation and verified by a dual trained radiology/nuclear medicine physician with 10 years experience in diagnostic imaging interpretation. The case report form is included in Appendix 1 of the protocol.
This will include: 

· Patient demographics (age, gender, prior imaging modality and lesion location)

· Standard whole body acquisition parameters including FDG radiotracer injection dosage and time, blood sugar level, medications, duration of acquisition. 
· Duration of breath hold for CT and PET.
· For each liver lesion - 3 plane dimension, volume, standardized uptake maximum value (SUVmax) of metabolic activity, SUV mean, distance from diaphragm, vertical height of liver, distance from liver margin anteriorly, anteroposterior diameter of liver, liver lobe, liver segment. This will be will be recorded for each liver lesion in each acquisition of free breathing (no respiratory gating applied), respiratory gating, and breath hold.
· Adverse effects.

Statistical Analysis

· Standardized software analysis (SPSS)

· Percentage difference in lesion SUV max, SUV mean and isocontoured tumour volume between free breathing, respiratory gated and breath holding. 

· Differences between number of nodules detected.
· Lesions detected on breath hold but not respiratory gating and respective distance from diaphragm/liver vertical height and anterior liver margin/anteroposterior liver distance.
· Two tailed and paired T tests for differences in primary and secondary outcomes.

· Associations with linear regression and Spearman (Rho) correlation between lesion detectability and distance from diaphragm.

· Principal investigator will perform the statistical analysis.

We define a metastatic liver lesion as a rounded area of focal FDG activity within the liver, greater than 2 standard deviations above the background metabolic activity of the liver.
Outcomes:
Primary outcome: Percentage difference in standard uptake value (SUVmax) between free breathing, respiratory-gating and breath hold.

Secondary: mean uptake value (SUV mean), metabolic isocontour volume, total lesions between free breathing, respiratory gating and breath hold. 
Correlation between lesion activity and distance from diaphragm. 
Expected duration:

6 months data collection. Estimated enrolment 1/5/24 – 1/11/24.

3 months analysis and publication. 1/11/24 – 1/2/25.
6. STUDY OUTLINE

Eligible participants will be screened the day before attending for their PET/CT appointment.
Patients are fasted 6 hours prior, withhold standard medications on the day of study (metformin, betablockers, insulin). Patients undergo cannulation, blood sugar level recorded via finger prick testing, and administered weight-adjusted dose of F18 fluoro-deoxy-glucose radiotracer. Patients wait in the uptake room for 1 hr before undergoing PET examination.

During this hour, the PI will contact the patient, explain the rationale for the study and invite the patient to participate. If accepting, participants will be asked to breath hold for 20 seconds at this time to ensure they meet eligibility requirements.

Participants will be given an information sheet and a copy of the signed consent form.

Participants will undergo their PET/CT under standard circumstances. This is a whole-body CT for attenuation correction which takes approximately 5 minutes, followed by a series of PET acquisition over different parts of the body. This usually takes 15-20 minutes in total.

At the end of the standard PET/CT, the participant will be reminded of the breath-hold component.

They will be asked to take several deep breaths, and when instructed take a large single deep breath and hold it. A low dose CT will be performed over a 25cm region of the liver, from diaphragmatic surface to the inferior margin. At the end of 20 seconds, the participant will be told to breath normally. 30 seconds – 1 minute later, they will be asked to take several more deep breaths, then a single large breath. PET data will be acquired over the same 25cm segment of the liver over 20 seconds. At 20 seconds, the participant will be instructed to breath normally.

The participant will then exit the PET/CT machine and room.

The participant then undergoes standard post-PETCT care including nursing review, vital sign monitoring and standard advice regarding residual radioactivity from the FDG radiotracer. If required as determined by the nurse or if there are alteration in vital signs, the patient would normally be reviewed by the supervising nuclear medicine physician. This is standard care.
The data acquired will be immediately available for interpretation by the supervising radiologist/nuclear medicine physician which is standard care. A report is generated within four hours and available for review by referring clinicians to guide clinical management. Pre-determined incidental findings on PET/CT are communicated directly to the referring clinician, which is the standard of care at our institution.
The principal investigator will access the PET/CT data using a medical imaging workstation and standard nuclear medicine software (Syngo.Via, Siemens Healthineers), will generate and collate the necessary data into case report forms.
Safety reporting

No medicine or treatment is applied during this study. Any unforeseen adverse event will be recorded on the relevant case report form for the participant, and the participant reviewed and monitored by one of the study doctors. Incidental findings would be identified by the standard of care and not by the interventional arm of this study. These findings are interpreted and managed by the supervising nuclear medicine physician. 
7.  ETHICAL CONSIDERATIONS
Recruitment

Participants will be identified from the PET/CT bookings at our institution using the radiology information systems software (RIS). Approximately 8-10 PET/CT are scheduled each day (Monday-Friday) for varying indications. The referral information will be reviewed, along with prior imaging to confirm eligibility. The indication, methods, their involvement will be discussed and informed consent obtained. The participant will be provided with a copy of the participant information and consent form.
The supervising radiologist/nuclear medicine physician routinely views the referral information and often, prior imaging, for patients scheduled for PET/CT. This is a standard practice. 

It will be reiterated to the participants that there is no ongoing involvement, no cost to them and no compromise to their normal care.
Informed consent

The purposes of the study, along with risks and potential future benefit will be discussed with the participant. It will be clearly explained to the patient that involvement is voluntary, there is no benefit or gain to them personally, and there is no negative effect to participating or declining participation. 

They will receive best medical care regardless of participant involvement. 

Participants will be provided with a copy of the signed participant information and consent form (PICF) and protocol, and are able to withdraw consent at any time.
Enrolment and participation

After consenting to enrolment, patient’s will be assigned a study number. 

The participant will undergo the whole body PET/CT supervised by the reporting radiologist/physician. 

Two additional 20 second breath hold acquisitions will be performed at the end of this standard PET/CT. The patient will be instructed to take several deep breaths, followed by a single large breath. The nuclear medicine technician will then instruct the participant to, ‘Hold’, ‘Hold’ and will count down the last 5 seconds. The first breath hold will perform a low dose computed tomography (CT) scan of a 25cm region of the upper abdomen. The second breath hold will acquire PET data.

Participants then exit the PET/CT scanner, and are reviewed by a nurse to monitor vital signs and patient wellness. Participants are provided with standard post-PET/CT instructions.
Risks
The study involves the use of ionizing radiation. For the purposes of attenuation correction in PET/CT, it is standard practice to acquire a low dose non contrast CT. In this study, this would comprise and additional low dose non contrast CT scan of the upper abdomen over 25cm, designed to include the entire liver. This is in addition to the low dose non contrast CT from vertex to mid-thighs performed as part of the control PET/CT. This CT data cannot be used as it has not been acquired in deep inspiration. Current protocols for CT minimize dose as much as possible. 

It is estimated that the radiation effective dose from this additional CT would be <2mSv. 
For reference, the PET/CT the patient has undergone has an effective whole body dose of approximately 10mSv. The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) has determined that an exposure 0.2-2mSv is categorized as ‘Very Low’ risk. This dose range includes the allowable annual dose to the public from controlled sources. Additionally, at this level of exposure no harmful effects of radiation have been demonstrated as any effect is too small to measure. As per the ARPANSA Code of Practice of Exposure of Humans to Ionizing Radiation for Research Purposes, we have included an independent report from medical physicist regarding the estimated effective dose of the proposed intervention.
Confidentiality

Data collection of the free breathing, respiratory gated and breath hold PET will be performed by the PI. Patient details are displayed within the imaging software during completion of the case report form. The case report forms is only identified by study number. 

Once data input is complete, the case report form can only be linked to the participant by the participant/study number key. This document is kept securely by the PI, with no copies made, under electronic password protection. The case report form is therefore re-identifiable data. 
Case report forms will be completed electronically and stored securely on the intranet as well. This information will only be accessible by the study investigators and will only refer to the study number not the patient details. Some of this data may be published, though collated and anonymized. 
Any published data is not able to be identify to an individual participant.
Storage – data storage will be on secure intranet. No copies of documents will be made, and analysis will be performed on site. Standard data retention period is 7 years at our institution.
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