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Abstract
Recently introduced long-axial field-of-view (LAFOV) PET/CT systems represent one of the most significant advancements in nuclear medicine since the advent of multi-modality PET/CT imaging. The higher sensitivity exhibited by such systems allow for reductions in applied activity and short duration scans. However, we consider this to be just one small part of the story: Instead, the ability to image the body in its entirety in a single FOV affords insights which standard FOV systems cannot provide. For example, we now have the ability to capture a wider dynamic range of a tracer by imaging it over multiple half-lives without detrimental image noise, to leverage lower radiopharmaceutical doses by using dual-tracer techniques and with improved quantification. The potential for quantitative dynamic whole-body imaging using abbreviated protocols potentially makes these techniques viable for routine clinical use, transforming PET-reporting from a subjective analysis of semi-quantitative maps of radiopharmaceutical uptake at a single time-point to an accurate and quantitative, non-invasive tool to determine human function and physiology and to explore organ interactions and to perform whole-body systems analysis. This article will share the insights obtained from 2 years’ of clinical operation of the first Biograph Vision Quadra (Siemens Healthineers) LAFOV system. It will also survey the current state-of-the-art in PET technology. Several technologies are poised to furnish systems with even greater sensitivity and resolution than current systems, potentially with orders of magnitude higher sensitivity. Current barriers which remain to be surmounted, such as data pipelines, patient throughput and the hindrances to implementing kinetic analysis for routine patient care will also be discussed.
Keywords
Total-bodyLong axial field of view (LAFOV) PETWhole-bodyPET/CTPositron emission tomographyDigital PET
Abbreviations
	2-[18F]-FDG
	2-deoxy-2-[18F]fluoro-D-glucose

	aFOV
	Axial field-of-view

	BGO
	Bismuth Germanate

	CBM
	Continuous bed motion

	CT
	Computed tomography

	FOV
	Field-of-view

	LAFOV
	Long-axial field-of-view

	MRI
	Magnetic resonance imaging

	PACS
	Picture archival and communication system

	PET/CT
	Positron emission and computed tomographies

	PMT
	Photon multiplier tube

	SAFOV
	Standard-axial field-of-view

	SiPM
	Silicon Photomultiplier

	SIRT
	Selective internal radiation therapy

	SUV
	Standardised uptake value

	TOF
	Time-of-flight




Introduction
The use of positron emitting radiopharmaceuticals for the imaging of human function dates back to pioneering work in the 1950’s [1, 2] and has, over the course of this long history, undergone a number of revolutionary developments. Examples include the tremendously successful introduction of 2-[18F]FDG in 1976 [3, 4], the first single ring PET scanner [5], the first positron emission tomograph in 1975 [6] and the development of three-dimensional PET systems [5]. Although the terms “game-changing” or “paradigm shift” have been overused to the point of cliché, nuclear medicine has genuinely experienced several disruptive changes that have fundamentally changed the field in recent decades. One such profound change was the successful introduction of multimodal PET/CT imaging at the turn of the twenty-first century [7]. This catalysed the field. Presently, PET/CT imaging occupies a central role in the staging and management of a number of cancers [8] as well an increasing role in numerous non-oncological indications. The challenges and complexities of delivering hybrid functional and anatomical imaging has had profound implications for the training and organisation of our field [9–14].
The detectors used in PET/CT systems have long been comprised of scintillation crystals coupled with conventional photomultiplier tubes (PMT). Replacement of this analogue technology with solid state detectors based on silicon photomultipliers (SiPM) was an important recent development in PET imaging; these systems offer a number of technical advantages which overcome the limitations of previous analogue systems [15]. In particular, the greatly improved time-of-flight (TOF) resolution enables noise reduction and TOF effective sensitivity gains, resulting in improved clinical performance [16–21], including better image quality and lesion detection [15, 20, 22, 23]. The first positron imaging systems comprised of a single ring of detectors. Cognisant of the fact that scanner sensitivity and image noise are important limiting factors in PET imaging, scanners have increasingly been designed with longer axial field-of-views (aFOV), such as the Biograph mCT (Siemens Healthineers, aFOV of 22 cm), Biograph Vision 600 (Siemens Healthineers, aFOV of 26.3 cm) [15] and the recently described GE Discovery MI PET/CT system (General Electric, aFOV of 30 cm) [24]. The combination of solid state detectors with increased aFOV coverage represents an important improvement upon the previous generation of scanners and demonstrates an increased photon sensitivity and peak noise equivalent count rate (NECR) [25]. However, such systems are still limited by the restriction of their FOV to one bed position, requiring continuous bed motion (CBM) for full-body coverage. A substantial leap forward was made with the realisation of extended FOV PET systems, such as the PennPET Explorer (up to 140 cm aFOV) and the uExplorer (United Imaging, 194 cm aFOV) as well as the Biograph Vision Quadra as described earlier [26–28]. The design of these systems is based on pioneering work which surmounted a number of technical challenges [25, 27, 29]. Rather than representing an incremental improvement, these systems can be understood to represent a new, truly revolutionary design. For the first time, it is now possible to image the head and entire trunk simultaneously in adult human subjects, furnishing new and unique insights into human function and physiology. It is our position that this represents an entirely new way of performing PET and promises to be as revolutionary a change to the field as the introduction of hybrid imaging.

Challenges and opportunities
Our group received and operated the world’s first clinical Biograph Vision Quadra (Siemens Healthineers) system at the Department for Nuclear Medicine, Inselspital in Bern, Switzerland in October 2020 (https://​www.​swissinfo.​ch/​eng/​world-s-fastest-full-body-scanner-turned-on-in-bern/​46184876). Building upon the pioneering PennPET and uExplorer, the Biograph Vision Quadra (106 cm aFOV) occupies a middle-ground between standard FOV and total-body systems, capable of imaging the head to the mid-thighs for adult subjects in a single bed-position [30–32] and where sensitivity does not substantially improve beyond 100 cm, proving an economical use of space and detector material [25, 27, 29]. The footprint of this particular system also has the advantage that it can be installed into an examination room with the same dimensions as for a standard axial FOV (SAFOV) system, meaning that no complex or expensive infrastructure adjustments were necessary. A number of terms such as whole-body, total-body, extended and ultra-extended FOV have been used to describe these systems, which for simplicity we henceforth refer to as long-axial FOV (LAFOV) systems in contradistinction to SAFOV systems, which we take to mean systems which can image only a part of the body in a single bed position.
The challenges of assembling a multinational team of scientists and engineers to install this complex system during the height of the COVID-19 pandemic notwithstanding, the scanner went live in October 2020; some 7000 patients have now been scanned at our centre with this system. The aim of this article is to share our experiences operating the first Biograph Vision Quadra system and the insights we have gained.
Operational considerations and patient throughput in LAFOV scanning
With a steadily increasing number of clinical indications for PET/CT imaging, demand for PET services are increasing, adding to pressure on waiting lists [33]. There is therefore a clear rationale for increasing patient throughput in many PET/CT centres, and the ability to scan more patients with less activity is an attractive prospect. A standard acquisition at 2 min per bed position can take between 15 and 20 min on a SAFOV system depending on body length, although it is well worth noting that this is already very fast compared to other imaging modalities, such as MRI, and is substantially faster than the acquisition times used on first generation PET/CT systems. Nevertheless the time taken per scan does potentially represent a bottle-neck in the number of scans which can be performed. With a LAFOV system, a comparable acquisition can be obtained in just 2 min when using standard activities, with the possibility for maintaining adequate image quality in as short as 30s [31]. Theoretically, allowing an additional 8 min for getting the patient on and off the examination table, 60 patients could be imaged on a single LAFOV scanner in the course of a 10 h working day, although additional acquisitions such as contrast enhanced CT could take additional time. Given that the optimal number of uptake rooms is the ratio of uptake time to scan time [34], theoretically only six uptake rooms or hot waiting areas would be needed, ideally with additional changing rooms to optimise patient flow. However, this would be a significant increase in patient throughput for most centres, and many more personnel would be needed to realise this demanding timetable. Beyond operational consideration, there are also compelling arguments for shorter scan durations [35] such as reduction in motion artefact and patient comfort, although the impact of this on image quality is yet to be assessed. The premise of short duration protocols is also the use of standard activities; instead, the higher sensitivity can also be exploited to reduce dose, as will be discussed later in this article.
At our centre, we have opted to balance quality and speed by providing patients with 6 min total scan time, which is both shorter than a standard acquisition on a SAFOV system and with substantially superior count rates [31]. For paediatric patients, we routinely inject a lower activity of 0.5-1.0 MBq/kg (substantially lower than EANM/SNMMI guidelines [36]). This is combined with a 10 min acquisition, already shorter than an equivalent SAFOV scan in many cases and resulting in a “win-win” scenario when imaging children. At other centres, ultra-low activity and short scans which obviate the need for sedation or anaesthesia have also been reported, improving patient flow and patient safety [37].

Improving the view: whole-body imaging
In common with most centres, our SAFOV imaging protocol captures the skull base to the mid-thigh, where restriction of the examination volume allows the scan to be completed faster. One advantage of the uExplorer is the ability to capture the entirety of the human organism from head to toe; other LAFOV systems can capture the head and torso in a single FOV. This ability to image the entire torso represents a significant advantage, for example when exploring whole-body organ interactions [38] or to enable whole-body, multi-organ kinetic imaging [39] which potentially reveals insights which previous generation SAFOV could not provide. Figure 1 shows an example of a patient acquired using a dynamic imaging protocol with our LAFOV system and demonstrates the high-temporal resolution and low-noise whole-body dynamic data which can be achieved using LAFOV systems.[image: ]
Fig. 1Selected time frames for a patient examined at the University Hospital, Bern with breast cancer (top row between 0-60s p.i.; bottom row circa 5 min, 30 min and final static scan at 55–65 min) demonstrate the excellent temporal and spatial resolution offered by LAFOV systems. The radiopharmaceutical (2-[18F]FDG) can be traced through the pulmonary vasculature, arteries and venous system with small to medium sized vessels visible


Although some high volume centres may be able to make full use of a LAFOV scanner’s additional capacity and while there are a number of compelling arguments for activity reduction, it is our view that this is only one small part of the LAFOV story. Indeed, although reducing the applied activity by 50% is laudable [40], high-sensitivity digital PET/CT systems were already able to provide similar reductions [18, 20, 21, 23]. Moreover, we find that this focus on activity and time does not fully leverage the benefits that high-quality and total-body data might deliver. Fundamentally, a lower-activity scan presented in the same static standardised uptake value (SUV) map with marginally lower image noise, while an improvement, does not necessarily represent a quantum leap into previously unknown technology or afford any new insight when compared to imaging with a SAFOV system using SiPM [41]. Instead, high-count statistic total body imaging affords the ability to probe whole-body pharmacokinetic data [39, 42–44] and organ-organ interactions [38] in a way that the physics of a SAFOV system could not allow [45, 46]. In our view, it is these previously hidden insights that are the most exciting and promising aspect of LAFOV systems, and one which has the potential to revolutionise the way in which PET/CT imaging is performed. In this article, we will share some of our insights and experiences in using this new technology and explore some novel directions for research which might be performed with this scanner, as well as some of the challenges we have encountered.

Managing LAFOV data
The substantially higher count densities result in increased data volumes, which can be as high as 4-5GB for a standard SAFOV scan and as high as 40-50 GB for a LAFOV scan when the PET list-mode raw data is stored and depending on activity, scan length and additional PET data such as deep inspiratory or triggered acquisitions. One hour long dynamic acquisitions are larger yet, and can consume between 500GB and a terabyte of storage. For day-to-day clinical purposes, these data sizes have no impact on the archiving and viewing of clinical images if only secondary static reconstructions are stored in clinical archiving systems (PACS). However, it is often the case that when performing research, storage and subsequent retrieval of the full raw data set is needed for research specific reconstructions or analysis of the raw data. Since LAFOV systems lend themselves well to whole-body dynamic imaging, the problem of storage of raw data-sets is likely to be encountered by many users of this system. By way of example, in our first two years of operation, storage of the list-mode for our single LAFOV PET alone consumed almost 4.5 petabytes of data-storage; by comparison the ATLAS project at CERN, one of the most complex and data intensive experiments yet devised by mankind requires 10 petabytes of data storage per annum and is supported by a team of 5700 scientists, engineers and administrators with access to one of the world’s most advanced IT infrastructures (https://​atlas.​cern/​Resources/​Fact-sheets). Storage of such data volumes is a fundamental change by many orders of magnitude compared to previous generation systems, e.g. the storage of raw data for our two predecessor analogue Siemens Biograph mCT systems over several years of clinical operation generated approximately 16 TB of data, the equivalent of list most data for dynamic acquisitions for roughly 25-30 patients using the Biograph Vision Quadra. It is therefore an understatement to state that the unprecedented volumes of data generated by a LAFOV system places undue burden on the IT networks available in most nuclear medicine centres. It also underscores the vital importance of interdisciplinary team-working when realising nuclear medicine research projects with LAFOV, where IT technicians, data scientists and nuclear medicine physicists have a vital role to play in helping to manage and manipulate these large datasets. Potential operators of these systems who foresee the need to store large amounts of raw data for research purposes will need to factor in the challenges in doing so when drawing up their plans. The concept of “big-data” has become cliché; if exciting ideas such as exploring the metabolic connectome using large numbers of PET datasets to explore organ-organ interactions are to be truly realised [38, 47], then the challenges inherent to storing, retrieving and sharing such large datasets using current technology and infrastructure need to be met.
There are a number of reports of low-activity protocols in conjunction with LAFOV scanners, often justified on grounds of dose reduction. Although there is a clear rationale to reducing radiation dose, the clinical benefit of doing so is not clear, as will be discussed later in this article. In our view, a more compelling justification, and one which is rarely mentioned in the low-dose literature, is the idea of data-economy: low-activity, low-count scans, potentially augmented by AI de-noising [48–50] are two potential lean-data solutions.
High volume, systems level analysis or artificial intelligence driven analysis of total-body PET data may reveal insights into multi-organ metabolic networks. However, the storage, retrieval and reconstruction of large volumes of raw data for research is clearly impracticable without dedicated approaches to storing, reconstructing and transferring data. It is correctly stated that a SAFOV system collects less than 1% of annihilation photons produced [26]. However, if these additional events detected by LAFOV cannot be marshalled and stored in a manageable fashion where list mode data can be retrieved, e.g. to subject them to further analysis such as radiomics, where study specific retrospective reconstruction of list mode data is required for harmonisation purposes [51, 52], or for the training of AI models directly on sinogramme data [53], the full panoply of benefits which the large datasets produced by LAFOV are at risk of being lost if mere static reconstructions of SUV maps are stored in clinical PACS systems for convenience.

Assessing and implementing a disruptive technology
In an editorial in this journal, Hicks and van den Abbeele ask whether LAFOV will be an expensive folly or will become the next clinical standard for PET/CT [54]. We remain agnostic on this topic: while it is clear that total body imaging has a number of research applications which might inform future clinical practice, it remains to be seen whether the higher sensitivity offered by such scanners translates either to improved scan performance or are more cost effective compared to SAFOV systems. If LAFOV scanning is to become the next clinical standard, and not just restricted to blue-sky research at academic centres, high quality and prospective evidence is necessary. A search of clinicaltrials.gov for “total-body PET/CT” reveals nine prospective studies in various stages of completion, including one comparative imaging study at our own centre. As the number of centres operating LAFOV systems increases, we look forward to the publication of more studies which might help answer these questions.
In this regard, perhaps a salutary lesson can be learnt from the introduction of combined PET/MRI scanners. Although introduced with much fanfare as a “game-changing” development, after almost a decade, PET/MRI remains far from being adopted universally as a standard examination. Although the advantages of combining the high sensitivity of PET imaging with the high anatomical resolution of MRI are readily apparent [55], as is the possibility to reduce radiation exposure through omission of the CT component, there are no routine clinical indications where PET/MRI has become the standard of care, and a number of clinical and financial hurdles remain before PET/MRI can be adopted as a routine clinical examination [56, 57]. Consequently, PET/MRI has not replaced PET/CT in the majority of centres and remains as a complementary tool at a limited number of sites. The assessment of disruptive technologies can be challenging [58]. Traditional methods of evidence generation can take many years to obtain and the demand for evidence to justify expenditure can act as a hindrance to the adoption of cutting edge technologies. It is therefore an individual and centre-specific decision as to whether the potential benefits to installing and operating a LAFOV system justify the expenditure involved.

From low dose to ultra-low dose
Instead of focussing on throughput, LAFOV systems can furnish substantial reductions in applied activity, and consequently the radiation dose to the patient and caregivers as well as allowing more patients to be examined for a given activity of radiopharmaceutical [26, 31]. In some applications, LAFOV systems can be used to scan where trace amounts of a radiotracer are available, for example when imaging long-half life radiopharmaceuticals such as [89Zr] or in low-count applications such as the imaging of [90Y] [59, 60]. In certain circumstances, very low activity acquisitions can be performed, such as the patient in Fig. 2 where 20.8 MBq was applied to an 86 kg adult male, and provided an image of good quality when compared to a previous scan on the same patient using an analogue scanner five years previously (Biograph mCT, Siemens Healthineers) with 340 MBq. A low dose approach lends itself very well to imaging children. In Fig. 3 we show an example of the type of image quality available with just 14 MBq of 2-[18F]FDG in an 8 year old child with Hodgkin Lymphoma. This results in an impressively low equivalent dose of 0.3 mSv for the PET component. Appropriateness criteria which justify alternative examinations based on equivalent dose alone in paediatric patients will need to be revisited [61]. Moreover, standard doses can be used but with shorter examination protocols, which might make the requirement for anaesthesia or sedation less likely, and PET/CT has potentially very important advantages in this regard compared to the lengthy scan procedures encountered in whole-body MRI [37]. Convention holds that PET/CT is a high equivalent dose modality, that ionising radiation in children is inherently bad and MRI with anaesthesia is post hoc ergo propter hoc safer [62]. The combination of fast anaesthesia free imaging [37, 63] with ionising radiation dose comparable to routine conventional radiographs might upend this received wisdom. Djekide et al. argue that with the advent of LAFOV systems, paediatric PET – historically underutilised [64, 65] is “ready for prime time” [61]. We agree with this sentiment entirely, and eagerly anticipate more studies assessing the potential benefits of paediatric LAFOV PET.[image: ]
Fig. 2Indicative imaging quality for a low dose PET/CT acquisition on a LAFOV with 20 MBq of 2-[18F]FDG (left) and a full dose with 340 MBq on an analogue SAFOV system (right). The scan times for both are equivalent at 20 min. Maximal intensity projections (MIP) and co-registered PET/CT axial slices (bottom) for the same patient are shown

[image: ]
Fig. 3Indicative imaging quality for a low dose PET/CT acquisition in an 8 year old child (weight 27 kg) with Hodgkin Lymphoma. The images on the left were obtained in a 12 min scan using 27 MBq of 2-[18F]FDG, the images on the right were obtained in a 12 min acquisition using just 14 MBq of 2-[18F]FDG, resulting in an equivalent dose for the PET component of just 0.27 mSV


However, when reducing activity care must be taken to ensure that the scan quality is not compromised, where higher noise images can obscure small lesions [23, 66]. Dose optimisation is not synonymous with dose reduction, and activities should be defined according to their diagnostic yield rather than arbitrary or subjective image quality [67, 68]. The magnitude of any theoretical benefit to an individual patient through only modest reductions in radiation dose, for example a 50% reduction in activity [40] is questionable. Moreover, as nuclear medicine physicians, we must be careful that we do not inadvertently contribute to radiation induced phobia through overstating the risks of radiation doses routinely used in diagnostic procedures, which in many cases are smaller in magnitude than the risks inherent to the car journey to the hospital [69–72]. Furthermore, care must be taken that the potential advantages of a high-quality, low-noise examination are not unnecessarily forfeited in the pursuit of radiation doses lower than those already accepted as safe in routine clinical imaging. For example, the present generation of SiPM-based PET-scanners are known to demonstrate higher detection rates [15, 18–20], diagnostic certainty and inter-rater reliability [22] and these benefits could extend to LAFOV systems.
Concentrating efforts on applied activity also excludes one of the two hybrid modalities in PET/CT. Even when taking existing dose reduction techniques for the CT component [73] and protocol optimisation into account [74, 75], a low dose non-contrast enhanced CT for attenuation correction (AC) is still in the order of 1-3 millisieverts (mSv). Instead, novel approaches for AC are to exploit domain-integrated AI [76] or naturally occurring 176Lu in the scanner’s Lutetium Oxyorthosilicate scintillators. High sensitivity LAFOV systems are able to detect sufficient signal from these background radiation events and use them as a transmission source (LSO-TX) [77, 78]. The scanner can be configured to provide “CT-less” attenuation maps for the attenuation correction of PET scans, and can be performed either before or after the PET acquisition in a manner akin to the transmission source scans performed prior to the advent of PET/CT [79]. AI can also be used to estimate attenuation maps using non AC-PET images [78, 80]. When combined with low-activity scans, it is now possible to obtain quantitatively reliable PET images with radiation doses under 0.5 mSv. In contrast to a marginal improvement through 50% reduction in the PET activity only, this combined approach could take the modality from one of the most dose intensive modalities to being in the same bracket as plain radiographs [78, 81]. Discussions about radiation dose can be very emotive [67]; efforts to reduce them will very likely make PET a more viable modality in paediatrics and obstetric imaging [64, 82, 83], as a sensitive screening tool [84] and as a more acceptable tool for research with healthy individuals or for multiple-tracer studies. After nearly two decades of successful hybrid imaging [7] it might seem counterintuitive to use novel approaches to use CT-less attenuation techniques. After all, CT provides important anatomical detail and training programmes have been substantially reconfigured to ensure that nuclear medicine physicians are able to make maximum use of this information [9, 11–14, 85–87]. However, we envisage a number of situations where this approach might be useful. For example, when using a LAFOV scanner there are a number cases where whole-body PET data is incidentally acquired (for example whole body data for a dedicated brain acquisition). These data could then be attenuation corrected for review and analysis even though they do not lie in the clinical volume of interest. For example dedicated parathyroid and brain imaging, performing an additional diagnostic or AC-CT of the body is not clinically required or justified. In some circumstances, such as imaging of brain tumours, an anatomic modality such as MRI is already available, and the AC-CT has no additional diagnostic benefit. We can also envisage a role for CT-less reconstruction of data in research settings and for multiple-time point imaging.

Rethinking imaging protocols
Free of the constraints imposed by lower sensitivity scanners, we have also had occasion to re-imagine a number of imaging protocols. For example, the recommended uptake time for [68Ga]Ga-PSMA-11 of 60–90 min post-injection (p.i.) is a compromise between applied activity and the short half-life of the radiotracer, where later imaging can result in intolerable image noise. However, this is not the optimal time-point for imaging from a pharmacokinetic perspective [88]. Increasing uptake over time increases lesion contrast. Later imaging might also be of diagnostic utility [89–91] and might provide improved prognostic information, for example in a preliminary work Abdelhafaz et al. demonstrated the superiority of Deauville scoring at 2 h compared to the standard 1 h using 2-[18F]FDG, and is another example of how imaging protocols which have been ingrained over many years might be revisited in the light of high sensitivity LAFOV systems [92]. Imaging can be possible over many half-lives without impairment in imaging quality [93] and impressive results have been obtained for very long half-life tracers such as [89Zr] [94]. Novel methods of imaging, such as using [90Y] post selective internal radiation therapy (SIRT) for liver malignancy is possible with impressive image quality using a tracer which was not traditionally considered amenable to PET (Fig. 4) [60]. From our own work, we have been able to demonstrate the advantage of imaging at later time-points when lesion uptake is higher and background clearance greater [89, 93, 95–97]. Previously, using lower sensitivity scanners, such systems were limited by the high image noise or the need to use substantially higher doses of the radiopharmaceutical. Now, using LAFOV systems, it is possible to obtain high count density acquisitions within reasonable time-frames: to achieve similar count statistics for a 10 min LAFOV acquisition with the Siemens Biograph Vision Quadra would take an impracticable 88 min using flow-motion with a table velocity of 0.2 mm/s. For example, in Fig. 5 we show the image quality achievable in a standard 2 min/bed position (for 106 cm FOV 16 min scan time) compared to a 16 min single bed position acquisition using a LAFOV system for a late acquisition at 4 h p.i, with [68Ga]Ga-PSMA-11. This higher sensitivity can be used to capture high quality images after nearly four half-lives, with improved lesion uptake and lower background. Moreover, this greater dynamic range captures a wider temporal range of kinetic data. The ability to perform multi-time point imaging is of great interest for theragnostic dosimetry [98]; it is currently a major shortcoming of radioligand therapy that individualised dose planning is, in many cases, not currently possible.[image: ]
Fig. 4Example image quality following 1GBq of [90Y] Therasphere for treatment of hepatocellular carcinoma. [90Y] is traditionally challenging to image, either using Bremsstrahlung or as a result of the low (32 per million) rate of positron emission

[image: ]
Fig. 5Example of a simulated “low-dose” or late acquisition at 4 h p.i. For comparison the 16 min/b.p. acquisition (right hand side) is shown alongside a sample re-binning of the same data for a guideline recommended 2 min/b.p. acquisition, with resultant reduction in image quality following a clinically standard application of 192 MBq of [68Ga]Ga-PSMA-11. Owing to the short half-life of [68Ga] (68 min) later acquisitions were limited by poor count statistics and noise. It should be noted that 2 min/bp in continuous bed motion (cbm) can take up to 16 min on previous generation SAFOV scanner designs


It is also clear that a number of tumour entities are best imaged by multiple tracers. For example, even with a state-of-the-art digital PET/CT and at high PSA values at recurrence, up to 5% of prostate cancers do not express sufficient the prostate specific membrane antigen (PSMA) to be usefully imaged by this technique [15]. Additional 2-[18F]FDG PET/CT is a useful adjunct for theragnostic assessment for PSMA-radioligand therapy, and combined FDG/PSMA PET might be useful in renal cell carcinoma [99]. As an alternative to multiple imaging sessions, or the need for two full-dose scans, the flexibility of the LAFOV to obtain qualitatively acceptable scans at low dose affords the possibility to seamlessly perform additional imaging with a second tracer at low-dose, or vice-versa [100]. One barrier to the implementation of dual-tracer protocols in PET/CT imaging is the inability to discriminate between the signal from each tracer, although the abbreviated dynamic protocols can be used to distinguish each tracer’s kinetic behaviour or the imaging of prompt gammas and triplets have been proposed to differentiate between a pure positron and non-pure positron emitters [101]; the high sensitivity of LAFOV lends itself to these methods well and is a feature which future users of these systems might explore [102].


The future of PET is quantitative
While reduction in activity and assessment of subjective image quality is important, these represent only incremental improvements upon already established techniques. PET data are commonly presented by way of weight, activity and decay normalised uptake (SUV) maps which are semi-quantitative in nature and which physicians are trained to interpret in a qualitative and subjective fashion. The shortcomings of SUV [103] or the closely related metabolic tumour volume (MTV) are well known [104]. The few established or routinely reported scoring systems employ semi-quantitative, single-time point measurements of SUV relative to a reference organ or blood pool, such as the Deauville, Hopkins and Krenning scores. In contrast, there are established and quantitative methods for the analysis of dynamic PET data which can reveal deeper insights into physiological parameters that are not possible from single-time point analysis, such as the Patlak-Gjeddes plot [105]. Despite clear benefits to this approach [39], such as improved lesion detection though higher tumour to background ratios [44], they have enjoyed very limited adoption in routine clinical imaging. Four decades on from Patlak’s pioneering work, nuclear medicine images are still presented in semi-quantitative SUV maps and there are no clinically validated uses for kinetic modelling in diagnostic imaging. There are a number of reasons why this is the case. In our view the requirement for a patient to be scanned for up to an hour (e.g. in a dynamic 2-[18F]FDG PET scan) is a clear barrier in an era where PET scans can be obtained within minutes (although it should be noted that similar scan times are routinely encountered in whole body MRI, and the increased scan capacity generated by reduced acquisition times could be used flexibly to accommodate this in selected patients). However, LAFOV scanners with higher sensitivity open up the possibility for quantitative imaging techniques to be translated into the clinic with comparable time frames to static acquisition such as an abbreviated 20 min protocol, aided by dual-phase, combined population-based input function protocols or AI approaches [42, 106–111]. Noise in dynamic acquisitions directly contributes to noise in kinetic parameter estimates; for the first time LAFOV systems allow a radiopharmaceutical to be traced throughout the entire body with excellent temporal and spatial resolution, as shown in Fig. 1. Previously, the requirement for an input function restricted SAFOV analysis to a single organ or region. Many studies must first be performed before abbreviated dynamic imaging can become a validated and routine clinical tool rather than as a research tool. Nevertheless, LAFOV makes it feasible to perform whole-body quantitative kinetic analysis within currently routine scanning times. An example patient with whole-body kinetic analysis performed on a LAFOV is shown in Fig. 6. As shown in this figure, high quality Patlak tracer flux (Ki) images have improved target-to-background compared to the SUV images. Furthermore, the distribution volume (DV) images can provide additional biological information regarding the Lymphoma. Previously, the complexity of parametric imaging analysis made this technique available only to centres with advanced tools and kinetic imaging experts. Now, automated software which can perform direct parametric imaging analysis is available on some commercial PET scanners and extension of this software to LAFOV will allow the design of more effective clinical protocols for practical clinical parametric imaging without the need for additional complex or time-consuming image analysis.[image: ]
Fig. 6Example static SUV map for a patient with Lymphoma at 2-[18F]FDG PET/CT (A), Patlak Ki map demonstrating metabolically trapped FDG (B) and Patlak distribution volume (DV) showing non-trapped FDG (C)


Training the molecular imager of the future
Cognisant of a preponderance of data that fully quantitative kinetic analysis will yield superior results to traditional single-time point imaging, if successfully translated into clinical routine, it promises to fundamentally alter the way in which PET data are interpreted and reported. In recent decades, training programmes in nuclear medicine have been reconfigured with heavy emphasis on training in anatomic imaging modalities or the training of dual-certified radionuclide radiologists. Consequently, in many countries there has been a decline in the number of nuclear medicine physicians being trained [85–87]. We predict that LAFOV PET could act as a catalyst for truly quantitative functional and kinetic imaging. With exciting possibilities on the horizon, such as personalised cocktails of multiple tracers or the ability to probe whole-body metabolic connectome data, interesting questions will arise about how we might best train and educate nuclear medicine residents to best exploit these technologies. Whereas physician training has previously emphasised mastery of anatomical imaging modalities, nuclear-medicine specific skills and knowledge, such as the ability to code and manage data, perform and interpret kinetic modelling and knowledge of advanced radiomics techniques might need to be given greater weight to educate the molecular imager and therapist of the future.

Low dose or low noise?
LAFOV PET images are characterised by their high temporal and spatial resolution. Cinematic rendering provides life-like 3D visualisation of anatomical structures which can be useful in educational scenarios and in demonstrating complex 3D anatomy in multidisciplinary meetings, and can now be applied to PET-data also [112]. Moreover, we posit that these low-noise and high signal images can afford improvements in PET quantification and textural analysis: indeed radiomics is based upon the premise that additional biological information is contained in these features [113–115]. Despite claims made for its superiority over traditional methods of PET image interpretation and decades of research effort, there is still no routine clinical application for radiomics analysis and only limited consensus about how such images are best reconstructed, analysed and interpreted. There has been a surfeit of studies which cannot be replicated [116, 117] and numerous features are redundant and non-reproducible [118]. Amongst the numerous issues to be addressed in obtaining repeatable and reliable radiomics data [51, 119–122], a particular problem is their sensitivity to noise [123], for which low-noise high-quality LAFOV acquisitions might be well positioned to address.

Future directions in LAFOV scanning
The pioneering PennPET and the first commercially available systems (uExplorer and Siemens Biograph Vision Quadra) are certainly not going to be the last word on LAFOV PET and further developments in PET technology are eagerly anticipated. For example, where the cost of the scanner is tightly linked to the cost of the scintillation crystals, sparse detector designs are a potential solution to improvement in axial coverage without increase in scanner cost [124], although this will come at the price of lower sensitivity. The use of cheaper BGO crystals is a possibility, but more clarity is currently required about the performance of such systems, such as TOF capability and count rate performance.
Any efforts to reduce the capital cost associated with PET/CT is welcome; this resource intensive imaging modality is not just the luxury of rich economies, but represents a standard of care for a wide variety of indications and is increasingly performed in low and middle income countries, where inequality in access is an important issue [125]. An exciting design for an entirely novel PET/CT system is the Jagiellonian PET (J-PET). The use of plastic scintillation detectors has multiple advantages in terms of engineering practicability, cost, weight and sensitivity. They are compatible for MRI inserts and exhibit substantially faster scintillation time (0.5 ns versus 40 ns for LSO and 300 ns for BGO). This ultrafast time-of-flight (TOF) resolution could also provide direct knowledge of the annihilation location and might even obviate the need for reconstruction algorithms [126, 127]. Although much work is required before such systems can be introduced into clinical operation, these exciting developments demonstrate that hardware development for PET/CT is far from over. Needless to say, these systems might also compound the aforementioned data storage issues; in our view this gives further cause for urgency in resolving these issues.
Whereas traditional scintillation crystals have registered the incident photon via the photoelectric effect, the plastic scintillators can determine the polarisation of the annihilation photon through the detection of primary and secondary Compton scattering. Intriguingly, this raises the notion of extracting quantum information from metabolic processes in the body [128, 129], e.g. providing a non-invasive and quantitative means to interrogating tissue hypoxia in vivo [130–134]. Moreover, beyond sensitivity and TOF-resolution, PET-data is limited by its relatively poor spatial resolution compared to CT or MRI [5]. Future scanner designs may address this limitation, e.g. it is possible that ultra-fast TOF resolution might also aid spatial resolution [135, 136].


Conclusion
There have been many important developments in PET technology over its long history. However, at several points technological developments have resulted in sea changes for the field, most notably the introduction of hybrid imaging which led to the rapid incorporation of PET/CT for the standard investigation of a plethora of diseases and had significant implications for the training and organisation of our field. Although LAFOV systems allow room for some reduction in applied activity or faster acquisitions, we argue that these represent only the low-hanging fruits amongst the myriad of benefits that this new technology can offer. Instead, we are convinced that the sum of a LAFOV system is greater than the total of its parts: we are particularly encouraged by the ability to obtain whole-body tracer kinetics, ultra-low noise and high count rate data which, for the first time, makes the adoption of quantitative kinetic analysis feasible and promises to reveal deeper insights into human pathophysiology and function which traditional, single time-point and semi-quantitative analysis of PET data cannot provide. The increased sensitivity allows a greater dynamic range, meaning that tracers can be imaged over many more half-lives capturing a wider range of biokinetics, or multiple time point imaging which could be of assistance in dosimetry. Finally, the ability to combine two or more low-dose examinations makes a more comprehensive interrogation of tumour-biology possible with multi-tracer protocols. Although in their infancy, innovative solutions to improve sensitivity through novel detector materials and faster TOF may fundamentally change the way PET data is obtained, reconstructed and interpreted.
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