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Abstract

:

This review article offers an overview of the differences between traditional energy integrating (EI) X-ray imaging and the new technique of X-ray photon counting spectral imaging (x-CSI). The review is motivated by the need to image gold nanoparticles (AuNP) in vivo if they are to be used clinically to deliver a radiotherapy dose-enhancing effect (RDEE). The aim of this work is to familiarise the reader with x-CSI as a technique and to draw attention to how this technique will need to develop to be of clinical use for the described oncological applications. This article covers the conceptual differences between x-CSI and EI approaches, the advantages of x-CSI, constraints on x-CSI system design, and the achievements of x-CSI in AuNP quantification. The results of the review show there are still approximately two orders of magnitude between the AuNP concentrations used in RDEE applications and the demonstrated detection limits of x-CSI. Two approaches to overcome this were suggested: changing AuNP design or changing x-CSI system design. Optimal system parameters for AuNP detection and general spectral performance as determined by simulation studies were different to those used in the current x-CSI systems, indicating potential gains that may be made with this approach.
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1. Introduction


Radiotherapy is a staple component of modern cancer therapies due to its ability to be targeted to volumes of interest and to damage cancer cells more readily than their healthy counterparts. The targeting capability in particular allows both for localisation of radiation to tumours that cannot be accessed surgically (e.g., stereotactic radiotherapy for brain tumours) and whole organ coverage to prevent recurrence, without the systemic toxicity associated with chemotherapy (e.g., during whole breast radiation treatment).



The radiotherapy dose that can be delivered to a patient’s tumour is constrained by concerns regarding the effects of incidental radiation dose on healthy tissues. Whilst careful treatment planning and the use of modern multileaf collimators mean that the dose delivered to healthy tissues can be kept many times lower than that delivered to the tumour, concerns regarding side effects and the inducement of secondary tumours limit the radiation dose that can be delivered to tumours. This is particularly problematic in cases where the therapeutic index (relative radiosensitivity of cancer cells to healthy cells) is low, or where radiosensitive healthy structures are located near the treatment site. Therapeutic indices are often reduced where hypoxic regions of the tumour are present [1], and incidental irradiation of nearby structures can cause significant morbidity in several cancer types, including prostate cancers and head and neck cancers [2,3].



Various approaches have been suggested for improving the therapeutic index by sensitising cancer cells to radiotherapy by reducing hypoxia [4,5], delivering a selective radiosensitizer [6], improving the resistance of healthy cells to radiotherapy using adjuvant drugs [7] or by modulating the time of delivery [8,9]. Additionally, approaches at localising the radiation damage have been proposed, such as the use of ion beam therapies, which deposit their energy over a much smaller region in the patient due to the Bragg peak effect [10]. These approaches can have significant limitations to scaling up, however, such as the cost and technical expertise associated with delivering modern proton therapies. One approach that has been proposed uses gold nanoparticles (AuNP) to combine tumour radiosensitising and radiation localisation approaches at a relatively low cost and without the need for dedicated treatment centres. This approach, which is still at the preclinical stage, involves using the AuNPs to deliver a radiotherapy dose-enhancing effect (RDEE). AuNPs have a range of features that make them suitable for this task, as summarised in Figure 1.



There is extensive literature on tailoring the synthesis of AuNPs to produce a wide range of shapes and sizes [11,12], as well as demonstrations that they can be functionalised to bind different molecular targets [13] and accumulate selectively in cancer cells [14]. A detailed review of the design and use of AuNPs for this purpose is beyond the scope of this review; however, suffice it to say for now that selective targeting has been shown by several groups in limited contexts and that improving the targeting abilities of AuNPs is a matter of ongoing research.



Once accumulated, AuNPs can increase the susceptibility of cancer cells to radiotherapy by delivering a range of different RDEEs. These RDEE mechanisms can be broadly divided into three major categories:




	
Physical enhancement mechanisms are those that improve radiotherapy response of cells due to physical interactions between incident radiation and the AuNPs themselves. These can include increased energy deposition (due to the higher Z-number of gold producing a higher probability of interaction with the incident radiation beam) and production of more ionising radiation types when irradiated (production of secondary X-ray fluorescence, Auger electrons, and photoelectrons [15]). These effects have some geometric dependence, but are largely thought to depend primarily on the amount of Au present in the treated cells.



	
Chemical enhancement mechanisms are those that improve radiotherapy response of cells due to an increase in the number of reactive oxygen species (ROS) that are produced in the presence of AuNPs compared to in their absence [16]. These effects can be related to interactions between water molecules and the AuNP surface [17,18], and so generally are assumed to depend on the available AuNP surface area within the treated cells.



	
Biological enhancement mechanisms are those that alter cell behaviour or metabolism in such a way as to predispose the cells to radiotherapy damage. These range from molecular changes such as inhibition of DNA repair [19], to cell cycle changes that cause accumulation of cells in radiosensitive phases [20]. The mechanisms behind some of these effects are not well understood, though they can reasonably be assumed to relate either to AuNP surface area or the levels of ROS produced by AuNP presence.








It is worth noting that there is much discussion in the literature as to where the line between chemical and biological mechanisms is drawn; however, what is not debated is that the effects mentioned above exist [21,22,23,24]. The wide variety of RDEE mechanisms, combined with their relatively high biocompatibility [25] and long history as a therapeutic agent [11], mean AuNPs have drawn a lot of interest from researchers looking to increase remission rates, though they are equally useful for reducing side effects associated with radiotherapy [26].



Crucially to this review, the use of AuNPs in a clinical setting will require that their distribution within a patient can be imaged and quantified. Initially this ability will be used to confirm the accurate targeting and localisation of AuNPs within tumours or other targets of interest and to refine functionalisation approaches that improve tumour selectivity in humans. In routine clinical practice, quantitative images of AuNPs will again be needed so that the spatial distribution of dose enhancements can be calculated, and the effective dose delivered to organs at risk properly calculated and managed. Whilst the physical properties of AuNPs are often cited as suiting them to optical imaging techniques such as photoacoustic spectral imaging [27,28], it is X-ray imaging techniques that are best placed for clinical use due to their excellent spatial resolution, whole body imaging capability, and sensitivity to the higher Z-number of Au compared with the other human body constituents.



Au seeds are already used as fiducial markers in X-ray imaging [29], and much work already exists on the use of AuNPs as X-ray contrast agents [30,31]. Traditional X-ray techniques struggle to provide reliable and reproducible quantitative images, however, and this has traditionally limited their role to semi-quantitative and structural imaging rather than fully quantitative imaging. Newer developments such as dual energy approaches have corrected for this deficit in some respects; however, shortcomings in noise performance remain, making quantification of the low concentrations relevant to AuNP-mediated RDEE research unlikely. These shortcomings can be overcome, and several new and interesting applications realised, by a move to X-ray photon counting spectral imaging (x-CSI) techniques.



x-CSI approaches are still under development, though clinical systems are available, such as the Extremity 5X120 scanner by MARS Bioimaging [33] and the Naeotom Alpha scanner by Siemens Healthineers, which received FDA approval in September 2021 [34]. In addition, other major medical manufacturers have developed x-CSI system prototypes or announced a move towards commercialisation, such as Phillips Healthcare [30] and GE Healthcare [35]. This review aims to introduce the interested reader to x-CSI techniques, how they differ from conventional X-ray imaging systems, and their potential for use in clinical AuNP-mediated RDEE tasks. A major limitation from a review perspective is the relative sparsity of physical x-CSI systems, as well as the relatively young state of the field. Nevertheless, the recent FDA approval of a photon-counting (PC) system for clinical use makes this review timely in its aim of highlighting the benefits that x-CSI could have in allowing an exciting new clinical technique to be realised.




2. Requirements of X-ray Detectors for AuNP Quantification


2.1. Scintillators vs. Direct Converters


X-ray imaging works by assessing variations in radiopacity to differentiate different materials and structures. Consider an X-ray beam passing through a biological sample composed of N different materials before impinging on a pixelated X-ray detector. If we ignore scatter and system noise for the moment, the intensity recorded by each pixel, I, can be related to a linear summation of the form


  I ∝    1    ∑  1 n   l n   µ n     



(1)




where µn is the linear attenuation coefficient of the nth component material and ln is the total path length through that material, traversed by the X-ray beam traveling from source to detector. Importantly, µn is a function of incident X-ray energy, and this fact can be used to differentiate otherwise similarly absorbing materials. The X-ray intensity reaching the detector can then be converted into an electrical signal for reading out. Most modern X-ray detectors use either scintillation or direct conversion to perform this conversion.



Scintillators, such as sodium iodide (NaI) or caesium iodide (CsI), convert X-rays into a pulse of photons at visible (or near ultraviolet) wavelengths. These optical photons are then detected and amplified by photomultiplier tubes, or detected using traditional photodiodes, to produce an electrical signal. In contrast, direct converters, such as silicon (Si), gallium arsenide (GaAs), or cadmium telluride (CdTe), convert the absorbed X-ray directly into free charge carriers within the material. These carriers are then collected by applying an electric field across the sensor material to produce the electrical signal measured.



In both approaches, the final electrical signal can be related to the energy of the X-ray photon absorbed in the sensor material. Compared with direct converters, the multiple steps involved in scintillation detectors (optical photon generation, photon multiplication, photon capture and photon to electrical signal conversion) lead to more statistical noise in relating electrical signal and incident X-ray energy. The transition times for each conversion step and variable generation-to-collection path lengths for the optical photons caused by their isotropic emission act to further degrade the temporal and spectral resolution of scintillator approaches in comparison with direct converters. For these reasons, and due to the high temporal resolutions required, PC systems almost exclusively are designed using direct conversion techniques. The remainder of this review will thus concern itself with this type of detection technology.




2.2. Photon Counting vs. Energy Integration


Traditional X-ray systems are energy integrating (EI), which differ from PC systems in the way that they use the electrical signals from the sensors to measure X-ray interaction. In general, EI systems integrate the signals generated by multiple X-ray photons to estimate the total X-ray energy deposited in the sensor, whereas PC systems seek to count the number of X-ray photons that are absorbed by the sensor. Each approach has its own advantages and limitations.



2.2.1. Energy Integration


EI systems relate the signal intensity of a given pixel to the total energy deposited in that pixel over the acquisition time, tac. Variations between pixels can then be used to determine the differential attenuation of the incident X-ray beam by the material in the source-to-pixel path.



EI approaches have several advantages over the newer photon counting techniques. As they integrate signal over multiple photons, they do not experience detector paralysis, nor do they require particularly fast refresh rates in the electronics, though they should refresh at least as fast as 1/tac. Additionally, due to the simpler electronic readouts, lower data outputs (each pixel producing only a single value: integrated charge), and the statistical advantages of averaging shot noise and other random processes over many thousands of photons, EI detectors are comparatively simple and reliable to manufacture consistently and at scale.



Despite these advantages and their widespread use in clinical settings, EI techniques have inherent limitations that constrain future developments. Firstly, we can consider spectral response. As they are only sensitive to total energy deposited, EI systems cannot differentiate the arrival of two photons with energy E1 and one photon of energy E2, where E1 = 2E2. This introduces a problem in some clinical tasks, as it means that higher-energy photons are overrepresented in the output signal compared with the lower-energy photons. This is particularly problematic for soft tissue discrimination tasks, as their low effective atomic number, Zeff, means that soft tissues are primarily differentiable in their differing attenuation of lower-energy X-ray photons, being largely transparent to the higher energies used.



One approach that can be used to improve soft tissue contrast involves assessing how µn varies as a function of X-ray energy. This information can be diagnostically useful, allowing for better delineation of tumours, for example [36]. As they measure the integral of energy deposited in a pixel by all X-ray energies in the incident beam, EI systems are unable to extract spectral information from a single X-ray beam and detector. Multiple approaches exist to overcome this limitation [37], and some of them are illustrated in Figure 2 (adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research). They include rapidly switching the X-ray tube voltage to acquire images at two different X-ray energies per projection [38], using two different X-ray source-detector pairs in each scan [39], or placing a second detector behind the first detector [40] so that the beam seen by the second detector contains a higher proportion of high-energy photons (as lower-energy photons are more likely to be stopped in the first detector than higher-energy ones). Collectively, these are referred to as dual-energy approaches, as they each assess how µn differs between two irradiations of differing average X-ray energy. Regardless of the approach chosen, dual-energy EI techniques are associated with inherent temporal/spatial/dose mismatches between the two different acquisitions. This is a fundamental limitation of EI detectors that stems from the fact that each acquisition represents the total energy deposited by multiple photons spanning a range of energies.



Another limitation of EI detectors is the way that noise manifests itself in the final images. Ideally, the pixels in an EI system produce a signal intensity, I, which is proportional to the energy deposited in that pixel by incident X-rays. In practice however, external and internal sources of noise can also be summed into the signal, such as light leakage from the external environment (in scintillating detectors) and thermal noise in electronic circuits. This noise is thus superimposed on the collected image. To limit the impact of this noise, higher per-pixel X-ray fluxes are needed so that the signal-to-noise ratio (SNR) is maximised. This can be difficult to achieve in some clinical contexts, such as thicker patient projections or where metal implants may lead to regions of photon starvation [41]. Compensating for the effect of this noise thus sets a minimum radiation dose for a desired image quality. This concern also sets a lower limit on the pixel size used, as smaller pixels will inherently intercept fewer photons at a given X-ray flux.



To overcome these inherent limitations and allow future X-ray technologies to compete more favourably with quantitative molecular imaging modalities such as MRI, a new approach to signal generation has been developed: photon counting.




2.2.2. Photon Counting


Photon counting (PC) detectors aim to relate the intensity of a given pixel to the number of photons that interact with that pixel rather than the energy deposited in it. The basics of how this works are summarised in Figure 3 (adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research). Like EI detectors, PC detectors integrate the charge deposited in a pixel by X-rays; however, the integrated charge collected is allowed to bleed off at a carefully calculated speed: slow enough that all of the charge in the pixel can be collected and integrated, regardless of its depth within the pixel, but fast enough that the charge from a single X-ray interaction has completely discharged before a second X-ray interacts with the pixel. Figure 3 shows how the charge on the preamplifier in such a circuit would vary as a function of time where three photons interact with the sensor. The integrated charge is continuously compared with one or more pre-set thresholds within the pixel circuitry. Whenever a threshold is crossed from below, a counter associated with that threshold is incremented to register that a photon of at least that energy has been detected. When the integrated charge decays below that threshold, the system can count again.



The lowest trigger threshold is set sufficiently above the noise floor of the system (at least two standard deviations above the mean of the noise [42]) that it cannot be triggered without the presence of an X-ray interaction. This effectively makes false counts due to electronic noise impossible, and indeed impressive images have been achieved showing zero counts over long exposures when X-ray sources were absent. Compared with EI systems, the elimination of false counts means that even PC systems with only a single threshold can offer a choice between reducing the patient dose for a fixed SNR [43] or improving the SNR for a given patient dose [44]; which approach is taken depends on the clinical context. The removal of noise-induced counts also means that the high per-pixel flux requirements of EI do not apply to PC systems, allowing smaller pixel sizes to be employed, improving spatial resolution in a given source-detector geometry. Furthermore, the shift from energy deposition to photon counting removes the problem of overweighting higher-energy photons in the output signal that is intrinsic to EI systems, allowing for improved soft tissue contrast with PC techniques.



As noted above, PC systems can employ multiple thresholds per pixel, and by subtracting the counts in adjacent thresholds it is possible to calculate the number of photons detected that had an energy between the thresholds. Using Figure 3 as an example, the photons detected were 25, 50, and 75 keV, and they were compared against thresholds of 20, 40, and 80 keV. The system records three counts above threshold 1 (all photons went above this level), two counts above threshold 2 (50 and 75 keV > 40 keV), and zero counts above threshold 3 (no photons were detected above 80 keV). By subtracting counter 3 from counter 2 we find two photons in the range of 40–80 keV, and by subtracting counter 2 from counter 1 we find that one photon was detected in the range of 20–40 keV. The result of this process is that a coarsely binned energy spectrum can be reconstructed from multi-threshold PC systems using only a single detector and a single irradiation. This is a significant advantage over EI systems and saves the additional cost and complexity associated with dual-energy EI designs (see Figure 2). The binning of a single X-ray source also significantly reduces the spectral overlap between the higher- and lower-energy bins, though some may remain due to imperfect energy deposition and collection, as well as where electronic noise shifts photons near the boundary between two thresholds over the line. Additionally, the ability to readily change the thresholds allows the operator more rapid flexibility in selecting the difference between “low”- and “high”-energy bins without having to change filter materials, anode material, or X-ray tube parameters. Detectors that operate in this way to generate multiple energy bins from a single pixelated sensor can be referred to as x-CSI detectors: X-ray photon Counting Spectral Imaging detectors.





2.3. Using Spectral Information


As this review paper is focussed on X-ray imaging for AuNP quantification, it is useful to explore how spectral information can be used to provide this. The measured attenuation, A, of a given volume can be defined as


  A =    [ X ]   1   µ 1  +    [ X ]   2   µ 2  +    [ X ]   3   µ 3  + …    [ X ]   n   µ n   



(2)




where [X]n and µn are the concentration and the attenuation coefficient, respectively, of the nth material comprising that volume. µn is a fixed and well-defined function of energy that is unique for each component material: µn ≠ µm ∀ m ≠ n. By sampling A at N different energies, we can construct a series of N linear equations with a unique solution, so long as the system is critically or overdetermined (N ≥ n). In this way, we can quantify the concentrations of N materials. Due to their short wavelengths, X-rays interact with individual atoms rather than molecules, and there are significantly more than two elements present in human bodies, with most soft tissues comprising H, N, and O as the major components and bone constituting significant levels of Ca. To overcome this, a set of “basis materials” with different atomic compositions are often defined to allow for a semi-quantitative analysis (for example, the material decomposition of a soft tissue voxel into muscle and fat components). Alternatively, the two channels can be used as fitting parameters to determine Zeff and ρeff, the effective atomic number and effective electron density, respectively. This allows the relative ratio of photoelectric and Compton interactions in the sample to be assessed, which will vary between tissue types [45]. The details of this process are beyond the scope of this review; however, note that whilst dual-energy EI approaches can estimate Zeff and ρeff, for most clinical applications material decomposition is preferred. This is due to the higher mathematical instability associated with determining ρeff and Zeff with the two channels in EI systems that contain significant overlap in the energy spectra used for generating each channel. Material decomposition approaches can also be extended to a third basis material where additional information can be incorporated into the reconstruction as constraints; however, these require task-specific algorithms and are time and computational resource intensive [46].



The estimation of Zeff and ρeff is of great interest in the field of oncology specifically, however, as estimations of dose deposition used routinely in radiotherapy planning require estimates of these parameters for accuracy. For proton therapy in particular, uncertainties in Zeff and ρeff could translate into clinically significant differences in dose profile to the patient given the relatively small volume over which proton beams deposit the bulk of their energy. Where Zeff and ρeff accuracy needs optimising or more than three basis materials are needed, dual-energy EI systems will need replacing with truly spectral (N > 2) x-CSI systems. Crucially for this review, quantitative AuNP imaging for informing radiotherapy treatment plans will require both of these.



Though x-CSI systems use spectral information in a similar way to dual-energy EI systems, they gain this information in a different way, which adds significant advantages in both quality and flexibility to scale up. By excluding electronic noise from the counts and dividing a single X-ray beam into multiple bins rather than utilising multiple beams, x-CSI systems produce data sets that are intrinsically less noisy and contain less spectral overlap. This point is perhaps stated overly simplistically, and it should be noted that electronic noise is still present in x-CSI systems—it just manifests in a less damaging way (as a small uncertainty in photon energy rather than a large uncertainty in photon counts). Spectral overlap also still occurs in x-CSI systems, due to noise sources, partial energy deposition, and charge-sharing effects [47]. Nevertheless, these problems are less detrimental to x-CSI systems than their counterparts in EI systems for the reasons discussed above. Binning a single X-ray beam also means that N can be scaled (relatively) simply by increasing the number of thresholds used in the electronics, without the cost of adding additional sources/detectors or the decrease in temporal resolution associated with additional voltage switches.



It is hard to overstate the transformative potential of x-CSI over dual-energy EI for medical-imaging applications. x-CSI systems are intrinsically more versatile than their EI counterparts, and allow for new applications such as: simultaneous, multi-contrast agent decomposition [48]; improved metal artefact reduction [49,50]; higher-quality imaging of implanted stents [51]; and even quantitative in vivo imaging [52], which is required for the RDEE applications relevant to this review. Lower patient doses, improved soft tissue contrast [53], and the ability to produce quantitative, molecular images [54,55] mean that x-CSI can perform comparably to MRI in a range of applications without the associated costs and logistics associated with maintaining supercooled magnets. x-CSI is thus well placed to ease the pressures on MRI services and to act as a replacement for them in cases where MRI is either unavailable or unsuitable for the patient, due to claustrophobia or metal implants, for example. Despite their promise, x-CSI systems are not without their own drawbacks and limitations, both technical and intrinsic. The remainder of this review article will focus on the promised and demonstrated advantages of x-CSI to date, the outstanding limitations/difficulties, and ongoing work towards developing these systems to overcome them. In all cases, the desired application of x-CSI for facilitating AuNP-mediated RDEE will be kept central.





3. Advantages of x-CSI for In Vivo AuNP Imaging


3.1. X-ray Imaging vs. Other Imaging Modalities


X-ray imaging techniques have obvious advantages over other clinically available imaging modalities when it comes to imaging nanoparticles (NP). Compared with ultrasound or photoacoustic imaging, X-ray images are easily produced for whole patient volumes, regardless of depth, with less noise and less inter-user variability. Compared with positron emission tomography (PET) (or single photon emission computed tomography (SPECT) for radiolabelled NPs), X-ray scanners provide higher spatial resolution, faster imaging times, and lower ionising radiation doses to patients, and do not require specialist isotope production and nuclear chemistry. Compared with MRI, X-ray imaging is faster, less claustrophobic for the patient, cheaper, and suitable for patients with metal implants and/or cardiac pacemakers.




3.2. x-CSI vs. Traditional X-ray Imaging Techniques


Conventional X-ray imaging techniques are of limited use for in vivo AuNP imaging, however, due to a range of outstanding issues. These include blurring and streaking artefacts associated with metal implants/foreign bodies [56]; poor soft tissue contrast, especially in the more commonly available single-energy computed tomography (CT) systems; a high level of electronic noise (compared with the signal size of the low concentrations of AuNPs being looked at); and, significantly, a lack of molecular imaging [54]. Traditional monoenergetic CT systems use Hounsfield units (HU) to score the radiopacity of given pixels/voxels, where HU is defined as


  HU =   µ −  µ w     µ w  −  µ a     



(3)







In this equation, µw is the linear attenuation coefficient for water with respect to the whole monochromatic beam, and µa is the linear attenuation coefficient of the beam by air. HU is thus semiquantitative in nature, due to it being fixed by these two points; however, the HU values for various tissue types can vary significantly, even on the same machine, depending on the scanning protocol used (tube energy, filter material and thickness, reconstruction algorithm employed, etc.) [57]. The above variables, combined with biological variations between patients, mean that HU scores for a given tissue type can vary by up to 200 HU between different scans. This is not a problem for structural imaging applications that rely on the relative scores of different tissues (e.g., bones are more radio-dense than soft tissues); however, it complicates the task of quantitative imaging. This is particularly problematic given the high sensitivity required for quantifying the low concentrations of AuNPs demonstrated to produce RDEE. Switching to x-CSI from traditional EI techniques can significantly reduce, or even eliminate, these difficulties.



Iterative metal artefact reduction techniques that account for the spectral information from x-CSI provide unprecedented performance, allowing previously difficult tasks to be achieved with confidence, such as assessing in 3D the state of bone–metal interfaces for surgical screws or other metal implants [51,56]. As noted previously, x-CSI allows for a flexible weighting of “high”- and “low”-energy X-rays, improving soft tissue contrast [58].



The use of higher values of N (up to eight in the latest generation of CERN’s Medipix chipset, Medipix3RX [59]) allows for more basis materials to be defined, providing a wider range of soft tissue categories [55] and the ability to simultaneously discriminate tissues and several contrast agents. A particularly powerful demonstration of the potential of x-CSI for this kind of imaging can be seen in the work of MARS Bioimaging, who have used an x-CSI-based small-animal-imaging system to simultaneously image three biological basis materials (bone, lipids, and water) along with three contrast agents in a phantom study [60], and achieved similar results in a mouse model [61]. A similar approach was demonstrated by Siemens Healthineers using a clinical scanner modified for x-CSI (by replacing one of the two EI detectors in a dual-source CT system with a custom PC detector) [48]. This system was used to simultaneously image the kinetics of three high-Z-number contrast agents passing through a canine model, though with poorer tissue discrimination and a noisier reconstruction method. These applications reveal an additional advantage of x-CSI: multiple contrast agent scans can be performed at once, reducing patient dose, freeing hospital resources, and removing the problem of image registration compared with serial dual-energy scans.



The additional basis materials can also feasibly be used to enable molecular imaging capabilities in x-CSI by utilising functionalised high-Z-number NPs [62]. This would allow the distribution of molecules of interest to be ascertained by proxy [54,63,64].



The lower noise of the PC approach means that x-CSI is a more dose-efficient technique than EI. As a result, x-CSI images can be produced with similar quality but at a fraction of the dose to the patient (67% and 83% dose reductions for sinus and temporal bone examinations, respectively [43]). Whilst lower radiation doses are of primary interest when using dose enhancers such as AuNPs, it is also worth noting that x-CSI could instead produce diagnostically superior images at the same dose as EI techniques (12.8%–40.0% improvement [44,65,66]), though the exact dose savings vary by imaging tasks and have not yet been assessed for AuNP quantification specifically. Nevertheless, should the sensitivity of the systems require improving to detect the exceptionally low Au concentrations associated with AuNP-mediated RDEE, this is a potential possibility without increasing the ionising radiation dose above that already used in EI CT systems.



Finally, the exclusion of false counts from electronic noise allows x-CSI to use smaller pixel sizes than EI CT systems for a given SNR. x-CSI systems can thus produce higher spatial resolutions for a given scanner geometry.





4. x-CSI-Specific Design Considerations/Limitations and Their Mitigation


As already noted, x-CSI shares many disadvantages in common with other X-ray imaging techniques, though to a reduced extent in all cases. This section will focus on the considerations specific to x-CSI that limit the applications it is suitable for and the designs that can be achieved.



As x-CSI systems attempt to determine the energy of each incident photon, they require a way to distinguish between different photons interacting with the same pixel in quick succession. Assuming that photon interactions with a pixel are separated by some short time interval, dt, this could be achieved by ensuring the time required for the circuitry to collect the charge, increment any counters, and then reset, dr, is less than dt. This would be a trivial problem to solve if photon interactions were uniformly distributed in time; however, photon interactions are governed by Poisson statistics. This means that the probability of two photons arriving in the same pixel before the circuit can count and reset is non-zero no matter how small dr is. For a fixed X-ray flux, the proportion of events for which dt < dr gets smaller as dr is reduced. A minimum value of dr is set by physical constraints and electronics parameters. Sufficient time needs to be allowed for the charge carriers in the pixel to be completely collected, regardless of the depth of interaction, to avoid ballistic deficits that degrade the energy resolution of the system. Higher operational voltages can be employed to speed up the collection of charge from the pixel volume; however, there are limits to the voltages that can be used. The proportion of events for which dt < dr can also be reduced by decreasing the pixel size, increasing dt by reducing the per-pixel X-ray flux for a given per-unit-area X-ray flux. Both approaches are used in prototype x-CSI systems, with counting times of the order of tens of nanoseconds and pixel sizes down as far as 50 µm [67,68].



Despite these efforts, keeping dt < dr for the majority of events places an upper limit on the per-pixel X-ray fluxes that can be used before spectral distortions from pulse pileup or lost counts due to detector paralysis become significant [57]. This limit will depend on both electronic parameters (voltage, shaping time, signal-processing time, charge-sharing correction approaches) and physical parameters (sensor thickness, pixel pitch, presence of anti-scatter grid, etc.), making x-CSI system optimisation for a given spectral imaging task a non-trivial process. Limits on X-ray flux translate into limits on temporal resolution, as X-ray flux cannot be arbitrarily increased to achieve sufficient count statistics in a shorter time. This is in stark contrast with EI systems that benefit from lower system noise when using shorter, higher flux exposures. This makes x-CSI less suitable than dual-energy EI for high flux/extremely fast imaging tasks such as cardiac CT.



A second limitation of x-CSI systems arises from the way in which they separate “low”- and “high“-energy data sets. As only a single beam is used, the “low”- and “high”-energy photons are spatially and temporally coincident on the same pixels, increasing the risk of cross talk between the two. Two issues may arise in this setup: down-counting (where a higher-energy photon is counted in a lower-energy bin) or up-counting (where lower-energy photons are counted in a higher-energy bin). The extent to which each issue occurs depends on pixel size, with larger pixels favouring up-counting (due to multiple photons being summed together) and smaller pixels favouring down-counting (due to the photon depositing only part of its energy within a given pixel’s volume).



Even in the case where a single photon deposits all of its energy within a single pixel volume and no additional photons are present within the count and reset time of the system, there are no guarantees that the full charge generated by the photon will be collected for analysis in that pixel. This is due to the presence of a range of charge-sharing effects (CSEs) that collectively act to distribute charge deposited in one pixel across neighbouring pixels [69]. Fluorescence X-rays, charge cloud expansion (due to diffusion and electrostatic repulsion), and Compton scattering can all act as CSEs [70], though their relatively short ranges mean that spectral degradation from CSEs is most prominent at small pixel sizes (below a few hundred µm) [47]. Nevertheless, if left uncorrected, CSEs can result in X-ray photons registering at a broad range of different energies other than their actual one [70]. Attempts have been made to compensate for CSEs in electronics so that the spatial resolution advantages of smaller pixels can be maintained without the associated loss of spectral resolution. These approaches usually involve some form of charge-sharing correction algorithm (CSCA), which may be implemented either in the analogue domain prior to thresholding [71,72] or in the digital domain post thresholding [73,74].



Pre-thresholding CSCAs involve linking neighbouring pixels together so that CSEs can be identified and corrected for. CSEs are identified where two events are detected in adjacent pixels within some small time window, dw. The assumption is made that dw << dt, such that the probability of two unrelated photons being detected in adjacent pixels within dw is negligible and so where this occurs it must be the result of a single photon interaction being shared across multiple pixels. The correction then applied can be either preservative or reconstructive. Preservative CSCAs simply remove the suspected CSE events from the system (prevent associated counters from incrementing) so that, ideally, CSEs are removed from the spectra. This is the simplest correction, though it does result in reduced dose efficiency, as counts are thrown away. In contrast, reconstructive CSCAs attempt to reconstruct the original photon energy by summing the charge found across the involved pixels before thresholding and incrementing counters as normal. Despite the involvement of multiple pixels, only a single pixel’s counters are incremented: usually the pixel with the highest share of the detected charge. Whilst this approach preserves the counts that would otherwise be lost, the reconstructed events may be shifted in energy slightly due to the additive effect of electronic noise from the various pixels.



Pre-thresholding CSCAs can provide impressive gains in spectral resolution at small pixel sizes, though the requirement that dw << dt limits the acceptable count rates in a similar way to using larger pixels [75]. Selection of a CSCA for a given task is a non-trivial process, with poor CSCA selection able to significantly decrease performance when compared with the uncorrected case. Detailed simulation studies in which CSCAs were parameterised by neighbourhood size, neighbourhood localisation methods, and a reconstruction approach have been conducted that show that the optimal CSCA depends on a range of physical parameters, such as the pixel pitch and the sensor thickness, as well as the intended X-ray flux at which the system will be operated [76]. These simulations also revealed that whilst a CSCA that groups P × P pixels of size Y µm × Y µm can maintain the spatial resolution of Y µm × Y µm pixels, its spectral performance is not as good as if the pixels were replaced with a single pixel of size PY µm × PY µm and no CSCA. This is due to a range of effects, including charge trapping in inter-anode streets [42] and poorer charge induction efficiencies in the volumes above these streets.



Post-thresholding CSCAs, though well studied [73,74], are employed less often in physical systems. They also identify CSEs based on the close detection times in adjacent pixels; however, rather than correct for the detected sharing pre-thresholding they instead record that a CSE occurred, as well as the pixels involved, using a dedicated counter. This information can then be used to apply corrections after the acquisition has finished. These approaches have several advantages, including simpler electronic implementation, less electronic noise summing, and allowing systems to maintain their temporal resolution. The reduction in spectral distortions is not as significant as with pre-thresholding techniques, however, though these CSCAs represent an interesting approach and may find utility in some applications [73].



Whilst optimising pixel pitch and sensor thickness can be achieved relatively easily with standard simulation tools for other modalities [77,78], the additional complexity associated with x-CSI, including the competing pressures on pixel size for improving spectral resolution and operating flux and the need to select an optimal CSCA, makes x-CSI optimisation more complicated than its EI counterparts. Nonetheless, several groups have modelled x-CSI detectors or selected parts of their imaging chains in an attempt to identify the best design parameters for an x-CSI system [42,79,80,81,82], and our group has done extensive work on optimising x-CSI scanners, including dedicated optimisations for AuNP imaging [47,76,80]. Based on the results so far, it seems likely that rather than a single optimised design, a range of x-CSI scanners will be developed, optimised for maximising spatial resolution, temporal resolution, or spectral resolution, depending on the clinical task.



A final x-CSI-specific concern to note before closing this section involves data storage and management. The detailed images produced by x-CSI are significantly larger than those produced by their competitors. A whole body x-CSI dataset could be ~1 TB in size, compared with DICOM files of hospital CTs, which are usually measured in tens of MB in size [83], and even the most detailed whole body CT dataset publicly available is only ~40 GB [84]. Storage, transfer, and curation of such large datasets will need to be addressed by improvements in healthcare data infrastructures and may be difficult in more remote areas.



x-CSI is clearly more complicated to develop than EI; however, its lower imaging noise, superior soft tissue contrast, and broader spectral capabilities make it an area of great interest to the scientific community. In particular, the next section will look at the potential of x-CSI in implementing AuNP-mediated RDEE by reviewing achievements in AuNP quantification with x-CSI.




5. AuNP Quantification with x-CSI


5.1. Requirements


Given the specific focus of this review, it is helpful to understand the sensitivities desired of an x-CSI system if it is to be of use in clinical AuNP-mediated RDEE tasks. Comparisons of AuNP concentrations used in imaging and RDEE applications are not simple, in no small part due to the inconsistencies in reporting concentrations found in the AuNP-mediated RDEE literature. Units of mass percentage (mg/kg) [85], mass concentration (mg/mL) [86], particle density (M) [87], and optical density [88] have all been used by various authors. Crucially, though the common unit of molarity makes sense for tracking biological processes that depend on the number of AuNPs (such as cellular uptake), it is not an appropriate unit for use with X-ray imaging techniques. This is because molarity is correctly defined as particles per litre, meaning that studies that use different AuNP shapes/sizes may be using different numbers of Au atoms even if they report using the same molarity. As x-CSI, like all X-ray imaging techniques, is sensitive to Au atom concentration rather than AuNP concentration, this metric may cause confusion.



Table 1 shows the various studies identified from the literature that establish the existence of AuNP-mediated RDEEs, along with both their reported concentrations and a calculated “imaging density,” reported in mg/mL of Au atoms, as this is a metric more commonly used in reporting x-CSI system sensitivities [54,63,64]. The conversion to imaging density was done by:




	
Calculating the volume of the unit cell [89] that is taken up by a single gold atom;



	
Determining the volume of AuNPs used in the study;



	
Dividing the answer from 2 by the answer from 1 to calculate the number of Au atoms per AuNP;



	
Multiplying the answer from 3 by the reported molarities of AuNPs (n.b. the molarity may need to be calculated based on other reported metrics first) to determine the effective number density of Au atoms;



	
Multiplying the answer from 4 by the atomic mass of Au (197) to yield the Au atom density in g/L (which is equivalent to mg/mL).








The above steps lead to the standardisation equation


   ρ i  = 197  M  N P      4 3  π  r  N P     3    0.017    



(4)




where ρi is the imaging density, MNP is the molarity of AuNPs used, and rNP is the radius of the AuNP used. This equation is suitable for nanospheres; however, similar equations can be derived for other nano shapes where needed.
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Table 1. A summary of AuNP-mediated RDEE studies in the literature. AuNP concentrations reported are given, as well as the calculated: imaging density.” Table adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research.
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AuNP Diameter (nm)

	
Reported AuNP Concentration

	
Standardised Density (mg/mL)

	
Reference






	
1.9

	
2.4 µM

	
1.0 × 10−1

	
[87]




	
1.9

	
0.24 µM

	
1.0 × 10−2




	
13

	
10 nM

	
1.3 × 10−1

	
[90]




	
30

	
2.4 mg/mL

	
2.4

	
[86]




	
??

	
36 µg/mL

	
3.6 × 10−2

	
[91]




	
14

	
7 × 109 NPs/mL

	
1.9 × 10−4

	
[92]




	
50

	
7 × 109 NPs/mL

	
8.8 × 10−3




	
74

	
7 × 109 NPs/mL

	
2.9 × 10−2




	
1.9

	
12 µM/500 µg/mL

	
5.0 × 10−1

	
[93]




	
2.7

	
0.5 mg/mL

	
5.0 × 10−1

	
[94]




	
14

	
1.25 nM

	
2.1 × 10−2

	
[95]




	
14

	
2.5 nM

	
4.2 × 10−2




	
14

	
5 nM

	
8.3 × 10−2




	
1.9

	
12 µM/500 µg/mL

	
5.0 × 10−1

	
[96]




	
1.9

	
12 µM/500 µg/mL

	
5.0 × 10−1

	
[97]




	
12

	
1 mM

	
1.0 × 104

	
[98]




	
7

	
5.5 µmol/mL

	
1.1 × 104

	
[99]




	
47

	
50 µM

	
3.1 × 104

	
[100]




	
10.8

	
15 µM

	
1.1 × 102

	
[101]




	
6.1

	
0.4 mM

	
5.5 × 102

	
[102]




	
6.1

	
1 mM

	
1.4 × 103




	
4.7

	
500 µM

	
3.1 × 102

	
[103]




	
14.8

	
1.5 µg/mL

	
1.5 × 10−3

	
[104]




	
14.8

	
15 µg/mL

	
1.5 × 10−2




	
1.9

	
0.25 mM

	
1.0 × 10

	
[105]




	
1.9

	
0.5 mM

	
2.1 × 10




	
1.9

	
1 mM

	
4.2 × 10




	
1.9

	
12 µM/500 µg/mL

	
5.0 × 10−1

	
[106]




	
13

	
20 nM

	
2.7 × 10−1

	
[107]




	
16

	
20 nM

	
5.0 × 10−1

	
[108]




	
49

	
20 nM

	
1.4 × 10




	
30

	
15 nM

	
2.5

	
[109]




	
<2

	
50 µg/mL

	
5.0 × 10−2

	
[85]




	
10.8

	
15 nM

	
1.1 × 10−1

	
[110]




	
4.8

	
0.05 mM

	
3.4 × 10

	
[111]




	
12.1

	
0.05 mM

	
5.4 × 102




	
27.3

	
0.05 mM

	
6.2 × 103




	
46.6

	
0.05 mM

	
3.1 × 104









This approach assumes that AuNPs share the same unit cell as bulk gold (which, whilst not strictly true for the smallest AuNPs, holds to a first approximation) and that the mean volume of a sample of AuNPs can be related to the volume of an AuNP with a diameter equal to the sample’s mean diameter. The approach was validated using the subset of studies that reported both molarity and mass density values and it was found that the “imaging density” agreed with the expected mass density to within 0.2%.



In constructing Table 1, it was decided to exclude animal studies and focus on in vitro experiments, as the in vivo RDEE studies often reported the details of the injection rather than the concentration of AuNPs that accumulated at the treatment site, making them unsuitable for relating imaged AuNP concentration to RDEE produced [85,98,112]. The lack of quantification verification at the site of the tumour is also seen in in vivo AuNP imaging studies, with qualitative distributions often reported or quantitative values reported but not verified by an independent method. If the results of in vitro studies are to be used to predict RDEE based on quantitative in vivo images, independent verification of the measured AuNP concentration will be needed in future studies.



At first glance, the studies considered indicate that measurable RDEEs have been demonstrated using Au concentrations ranging from tens of g/mL to a few tenths of µg/mL: eight orders of magnitude. The lowest limit reported to be effective [92] may actually be an underestimate of the Au concentration present at the time of RDEE assessment, however. This study involved several incubation steps with fresh AuNP-containing medium being used at each stage. Given the known ability of cells to take up and retain AuNPs, it is therefore possible that the Au concentration present at the time of RDEE assessment was several times that expected based on the medium used. Discounting this result then, AuNPs appear to produce RDEEs at concentrations down to ~10 µg/mL. RDEE studies have pushed to lower concentrations and found no appreciable RDEE, meaning that this can be taken as a reasonable lower limit that x-CSI systems need to detect.




5.2. Achievements


The next section of this review will consider the advances made in AuNP imaging with x-CSI to date. It should be noted that an x-CSI system specifically optimised for AuNP detection has not been developed, and so the results considered may well have room for improvement. Nonetheless, it is instructive to compare the achievements and requirements for this particular application so that the extent and nature of the outstanding work can be commented on.



The use of AuNPs as contrast agents in x-CSI is well known and most physical x-CSI systems that exist have been tested using either AuNPs or aqueous Au solutions. Despite this, the relative sparsity of physical x-CSI detectors, let alone of full x-CSI systems, means that the total number of such studies is small. For this review, we will also consider studies performed on dual-energy PC systems more generally, as these are reasonably expected to perform close, but not superior to, full x-CSI systems. These results will therefore contribute to establishing minimum quantification capabilities that x-CSI can be expected to have when fully developed.



Work by the MARS group using their pre-clinical small-animal-imaging scanner has shown that x-CSI techniques can distinguish contrast agents with as little as 4 keV between their K-edges [61]. They were further able to quantify AuNP concentrations in phantom studies as low as 2 mg/mL with relative ease [64]. This scanner was based on CERN’s Medipix3RX application specific integrated circuit (ASIC) and their scans were performed using the CSCA employed in this chipset and four energy thresholds (though the ASIC can support up to eight different energy bins in other configurations). The study involved imaging serial dilutions of aqueous AuNP solutions, and it should be noted that 2 mg/mL was not shown to be a limiting concentration for the technique but rather represents the lowest concentration investigated. Importantly, the same scanner was able to detect 0.15 µg of AuNP in a cell pellet with relatively low uncertainty; however, the size of the pellet was not reported and so an assessment in terms of concentration cannot be made. Given that the cell pellet was contained in a 0.5 mL Eppendorf tube, however, this sets a lower limit for the concentration detected of 0.3 µg/mL. So long as the pellet took up no less than 1/3 of the Eppendorf tube’s volume, this would be the lowest concentration of AuNPs quantified to date. Unfortunately, the absence of a reported cell pellet volume and verification of AuNP content by a recognised quantitative technique (e.g., ICP-MS, ICP-OES or AES) means this study cannot confirm detection below 2 mg/mL at this time.



AuNP concentrations down to 1 mg/mL have been reported by other groups using x-CSI systems based on modified Phillips Healthcare scanners [30]. This study also used a serial dilution of AuNP solutions to calibrate the scanner, and again, 1 mg/mL was simply the lowest concentration considered. This scanner used a small field-of-view (168 mm) and a standard clinical X-ray tube (filtered, 120 kVp), and the x-CSI detector had five configurable thresholds. The calibrated scanner was then used to produce quantitative images of AuNPs in vivo in a mouse model. These images indicated AuNP concentrations ranging from < 1–5 mg/mL of Au, though the lower concentrations were associated with significant uncertainties in quantification (~1 mg/mL). Importantly, AuNP quantifications in imaged organs were compared with ex vivo analysis of the organs using ICP-OES. The ICP-OES results showed that whilst good linearity in the correlation between ICP-OES and x-CSI quantifications existed, x-CSI quantification systematically underestimated the Au content found by ICP-OES by ~23%. For this reason, the results of this study should cautiously be interpreted as demonstrating that Au concentrations of at least ~1 mg/mL are detectable using current x-CSI techniques. This compares favourably with other cutting-edge X-ray-based imaging and quantification techniques such as X-ray fluorescence computed tomography (XFCT), which has shown similar detection limits [113,114]. Though it is believed that XFCT can improve sensitivity by an order of magnitude [115], x-CSI would remain the imaging modality of choice for this particular application given the advantages of x-CSI in terms of superior imaging depths, improved dose efficiency, and improved soft tissue imaging.



It is apparent that detection and quantification of AuNP concentrations as low as a few mg/mL have been achieved with x-CSI systems. Crucially, this has been shown to be possible in vivo, but the relevant question to this review is how these concentrations compare with the AuNP concentrations that will likely be used in AuNP-mediated RDEE therapies. Table 1 indicates that the concentrations detected are still two orders of magnitude above those known to induce RDEE. This is not to say that x-CSI is not a useful tool for in vivo AuNP quantification for this task however, as ~58% of the RDEE studies considered here used AuNP concentrations that would be quantifiable with existing x-CSI systems. Clinically, the detection limits should include all concentrations that can induce RDEE or toxicity so that the effects of treatment can be accurately modelled; however, there is more than one way to achieve this.



AuNPs could be modified to reduce their toxicity/RDEE efficacy so that they do not produce appreciable effects at concentrations below those detectable with x-CSI. Chitthrani et al. [92] demonstrated a dependence of cellular uptake (and consequently RDEE) on AuNP size: AuNPs which required excessive curvature (AuNPs too small) or excessive resources (AUNPs too big) to endocytose experienced lower overall uptake, leaving an optimal size (~50 nm) for AuNP uptake. Though the data in that paper were provided to support a different point, examination of the figures provided indicated that the AuNPs used did not produce appreciable RDEEs at concentrations below ~107 NPs/mL (~1.7 × 10−5 mg/mL when standardised as above). These data thus support the claim that RDEE effects are negligible below some minimum AuNP concentration, implying a lower detection limit needed for AuNP imaging for AuNP-mediated RDEE applications. Whilst it is reasonably inferred that AuNP design should affect this limit due to the many design parameters known to affect RDEE [116,117], variations in lower limits are not known, possibly due to a reluctance to publish negative results in the literature [118]. Furthermore, the relative contributions of the various RDEE mechanisms are not understood well enough at the moment for the task of designing AuNPs with a specified minimum RDEE concentration to be achieved based on much more than trial and error [21,23,119,120], and both RDEE and toxicity are known to vary quite significantly based on the surface coating and cell type in question [121,122,123]. Nevertheless, were the resources invested, this approach may have merit.



An alternative approach is to improve the detection limits of x-CSI systems so that they can quantify the lower AuNP concentrations already used in the literature. Whilst it is true that the studies mentioned have not tried to push the detection limits lower, the uncertainties associated with the images that were obtained indicate these systems would struggle to accurately quantify AuNPs at the lowest concentrations reviewed. No x-CSI system to date has been specifically designed and optimised for the task of AuNP imaging, however. Simulation studies to determine optimal imaging parameters for this task have been performed [47,76], and the optimal parameters suggested for this task (pixel pitch of 200 µm–250 µm, sensor thickness of ~1.5 mm, dynamic Hybrid/3 × 3 type CSCA [32,47,76]) differ from those used in the aforementioned studies (Table 2), hinting at the possibility that gains in performance can indeed be achieved by modified hardware. The values suggested in this simulation study were in good agreement with other optimisation-focused x-CSI simulations and differ from the majority of systems in development at the moment [58], supporting the assertion that current x-CSI scanner performance can be improved. Furthermore, the development of AuNP-specific reconstruction algorithms or imaging protocols could also assist in closing the gap between the current sensitivity and that needed for AuNP-mediated RDEE applications.



The technical requirements associated with producing such an optimised system are not significant given pixel pitches and sensor thicknesses both smaller and larger than the optimal ones are used already, and the CSCA parameters are already combined in some ASICS. Whilst the AuNP detection limits of such an optimised system have not yet been calculated, it is reasonable to assume based on the weight of the literature that at least an order of magnitude increase in sensitivity can be made.



Though a gap of two orders of magnitude is a lot of ground to cover, the two approaches mentioned above are worth exploring, and it may be that clinical realisation initially requires a combination of them both in the short term, or the use of locally introduced and relatively immobile AuNPs so that an assumption can be made as to the maximum distribution of the AuNPs based on their initial placement. Such local immobilisation would limit some of the selective uptake benefits of AuNPs, but would allow for the collection of valuable data on how AuNP concentration and RDEE delivered correlate.





6. Summary


The use of AuNPs to enhance the effectiveness of radiotherapy is a well-studied topic, though the corollary requirement of quantitative in vivo AuNP imaging is often taken for granted in the RDEE literature. This review introduced x-CSI techniques as a way to achieve this imaging and explained the fundamental differences between them and more conventional X-ray-imaging approaches.



Whilst it is widely recognised that AuNPs offer an exciting new imaging contrast for x-CSI systems, promising molecular-imaging capabilities, the AuNP concentrations tested in practical systems (~1 mg/mL) are orders of magnitude higher than those likely to produce clinical RDEE effects. For the specific task of AuNP-mediated RDEE delivery, current x-CSI scanners are thus not yet suitable.



Two paths for closing this sensitivity gap are proposed: modifying AuNPs to be less-effective RDEE agents at low concentration and optimising x-CSI scanners for AuNP detection. Specific advice from this review included the more regular reporting of negative results in RDEE literature (so that lower limits on AuNP concentration needed to induce appreciable RDEE can be established) and that x-CSI systems in future be tested using Au concentrations that overlap more significantly with those used in the RDEE literature, so that lower limits of x-CSI systems can be determined directly rather than inferred from extrapolation of data at much higher concentrations.



The intrinsic trade-offs in optimising an x-CSI system for different tasks mean that instead of a single general-purpose scanner, task-specific scanners may be more common. It is hoped that the recent approval of a commercial x-CSI system by the FDA signals the first of many developments in these scanners, and that the high research interest in Au as a contrast agent is translated into a scanner optimised for Au imaging in the not-too-distant future.
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Figure 1. Visual summary of the advantages of AuNPs for delivering RDEE therapeutically. Synthesis: There are multiple shapes that can be synthesised readily and with rudimentary lab supplies. Functionalisation: A range of ligands can be readily attached in combination using click chemistry. Tumour localisation: AuNPs administered intravenously can accumulate preferentially at the site of a tumour. Controllable uptake: AuNPs can be functionalised to enter cancerous cells (darker blue) preferentially, and even targeted to organelles such as the nucleus (red spheres) once internalised. RDEE: Radiotherapy dose-enhancement effects can be delivered by physical (secondary electron generation), chemical (catalytic ROS generation), and biological (DNA repair inhibition) mechanisms. Adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research. 
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Figure 2. Current dual-energy approaches can be broadly classified into three categories. In all figures, the object being imaged is the pink circle, the X-ray source is in black, the detector is in grey, the high-energy X-ray beam is shown in blue, and the low-energy beam is shown in red. (LEFT) Voltage-switching approaches involve imaging the object twice for each projection angle, once at a lower tube voltage and once at a higher tube voltage. This switching can be performed rapidly so that the resulting images are temporally offset, but spatially approximately coincident. (MIDDLE) Dual-source approaches involve the simultaneous acquisition of the images using two different X-ray beam-detector pairs. The acquired images are thus temporally synced but spatially offset. (RIGHT) Dual-detector approaches involve the use of multiple detectors behind each other. The X-ray beam is attenuated in an energy dependent way as it passes through the first detector such that a beam with a higher average energy spectrum is incident on the second detector. The resulting images are spatially and temporally coincident but show a higher correlation. Adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research. 
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Figure 3. Basic principles behind PC approaches. (LEFT) Some physical feature of the system, such as the charge in a pixel, is shown varying continuously (blue line). Some level of noise is always present in these measurements; however, when a photon interacts with the detector material it causes a sharp and significant change in the measured quantity. A threshold is set (orange line) sufficiently above the noise floor such that any signal rises above this level indicate a photon interaction. A counter is then linked to this threshold and incremented whenever the threshold is crossed from below. The physical quantity then returns to baseline over some time, dt. (RIGHT) By using multiple threshold-counter pairs, the energy of each event can be broadly binned. In this example the counter associated with the lowest threshold (red line) would be incremented three times, the middle threshold counter (green line) incremented twice, and the highest-energy threshold counter (purple line) not incremented at all. The number of events between given thresholds is then determined by subtraction of adjacent counters. Adapted with permission from ref. [32]. Copyright 2021 The Institute of Cancer Research. 
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Table 2. Comparison of values for several key design parameters, as used in leading detectors and a simulation-optimised system. Charge-sharing correction algorithm (CSCA) parameters of neighbourhood size (NS) and neighbourhood location (NL) are looked at here and defined in other publications [76].
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	Optimised Detector
	MARS Detector
	Phillips Healthcare Detector





	Pixel pitch (µm)
	200–250
	110
	500



	Sensor thickness (mm)
	~1.5
	2
	2



	CSCA NS
	3 × 3 or Hybrid
	Hybrid
	1 × 1 or 2 × 2 (chequered)



	CSCA NL
	Dynamic
	Dynamic
	Static
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