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Current platforms for cancer surgery are inherently imprecise and this is manifest in high rates of incomplete excision and reoperative intervention. A prominent example is breast conserving surgery where intra-operative determination of margin involvement is challenging leading to high national average rates of positive resection margins needing revisional procedures. To meet these demands of improved precision it is valuable to image the resected tissue in real time in such a way that enables tissue characterization. A plethora of imaging methods have been proposed, with X-ray micro-CT appearing as one of the most promising due to its ability to scan the entire resection in 3D, as opposed to 2D imaging methods and/or approaches that only allow sampling the tissue at specific locations with limited field-of-view. A key, well-known limitation is the limited soft tissue sensitivity of X-rays, which has recently been overcome through the advent of X-ray phase contrast imaging (XPCI). The introduction of XPCI methods working with conventional sources (as opposed to specialized facilities such as synchrotrons) has spawn a series of exciting studies aiming at translating XPCI into clinical applications, which have recently extended into the realm of intra-operative imaging for breast conserving surgery and other areas. This article briefly introduces the XPCI technology, then reviews its existing applications in intra-operative imaging.
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1 INTRA-OPERATIVE IMAGING
Most surgically resected specimens are examined via conventional histopathology, the results of which become available in a few weeks after surgery. While this is acceptable in some areas, there are others where immediate, real-time knowledge of e.g., margin status and tumor stage would be highly beneficial (Twengström et al., 2022; Partridge et al., 2024), and some where this knowledge is essential. A typical example of the latter is breast conserving surgery, as positive margin involvement detected days later at histopathology assessment commonly leads to a second, and sometimes even a third re-operation. Re-operations are a significant burden first and foremost to patients, to whom they cause discomfort, stress and worse cosmetic outcomes and breast-related quality of life, plus they are associated with a significant increase in healthcare costs (Grant et al., 2019). As can be expected, the incidence of re-operations varies globally and among centers, with median and peak approaching 20% and 40% respectively (Tang et al., 2017).
The ability to determine margin involvement in real time during the operation itself and provide immediate feedback to the surgical team would allow the latter to resect more tissue where necessary, thereby reducing the incidence of re-operations. Current practice in the UK involves imaging the resected tissue (“wide local excision”, WLE) with a specimen radiography system (St John et al., 2017a) which, however, only provides a partial solution due to a) the limited soft-tissue sensitivity of conventional X-rays (Pisano et al., 2000) and b) its 2D nature, which means margins orthogonal to the imaging axis are occluded in the projection, making their assessment extremely difficult (Streeter et al., 2022).
Several imaging techniques have been proposed to overcome the limitations of specimen radiography. Discussing them in detail lies beyond the scope of the present article, however a partial list would include Raman spectroscopy (Kong et al., 2014), optical coherence tomography (Nguyen et al., 2009) and methods based on radiofrequency (Dixon et al., 2015) and optical sectioning microscopy (Yoshitake et al., 2016; Tao et al., 2014). All these techniques probe specimens only at specific locations, which can be a barrier to effective and rapid implementation. The limited field of view can also lead to complex image mosaicking, and tissue interface artifacts can affect optical methods (Chang et al., 2015). Optical Coherence Tomography shows promise and has been used to illuminate the entire specimen surface, however the effective imaging depth is limited to approximately 2 mm (Maloney et al., 2018), and reported sensitivity values vary significantly, recently reported at 69% (Kennedy et al., 2020) vs. more optimistic estimates previously reported by Nguyen et al. (2009). Methods based on radiofrequency and bioimpedance spectroscopy have shown low specificity (Schnabel et al., 2014), with a recent UK trial failing to show any difference in reoperative intervention resulting from their use Bundred et al. (2022). Recent approaches also include detection of Cherenkov radiation directly from the tumor bed (Grootendorst et al., 2017), which requires administering radionuclides to the patients, and mass spectrometry coupled to a surgical scalpel (St John et al., 2017b), which is still under assessment. The latter method shows promise and is one of the key achievements in the area, but cannot detect close margins and requires collecting molecular signatures from all lesions.
Finally, it is important to mention cytopathological approaches such as frozen section and imprint cytology, sometimes referred to as intraoperative consultation (Sabel et al., 2012); these are highly accurate techniques, but they are also time consuming, costly and labour intensive; for this reason, no institutions in the UK currently uses them (St John et al., 2017a).
In this complex and evolving scenario, X-ray micro-CT was shown to possess several ideal characteristics, such as tissue penetration, spatial resolution, and especially full volumetric visualization of the entire specimen (Ritman, 2013) which, where contrast is appropriate, allows following strands protruding from the main tumor mass to ascertain whether they reach the specimens’ margins. Indeed, some studies have demonstrated accuracy comparable and possibly superior to other proposed methods (DiCorpo et al., 2020). However, the main limitation of conventional micro-CT is the already mentioned limited soft tissue sensitivity, which possibly explains why sensitivity values of ∼50% or just above are often reported (McClatchy et al., 2018; Qiu et al., 2018). X-ray phase contrast imaging (XPCI) was repeatedly demonstrated to overcome the soft-tissue sensitivity limitations of conventional X-rays while maintaining resolution, penetration power and full 3D visualization; in a proper implementation, it can therefore provide a valuable solution in intra-operative breast imaging and other surgical applications.
For completeness, we mention that x-ray diffraction has also been proposed for intra-operative use, due to its potential to increase specificity (Stryker et al., 2021). It has to be noted, however, that experimental implementations so far have been characterized by excessively long acquisition times (e.g., 5–7 h for a two-dimensional image in Moss et al., 2017). Although improvements in source technology and more efficient geometries such as the fan beam approach proposed by Stryker et al. could ameliorate this, it is unlikely the technique could reach the 10–15′ scan times required in intra-operative imaging in breast conserving surgery, especially in a (preferrable) three-dimensional imaging implementation.
2 X-RAY PHASE CONTRAST IMAGING (XPCI)
Following pioneering experiments in the mid-60s (Bonse and Hart, 1965) XPCI found large diffusion in the mid-90s, mostly thanks to the advent of third generation synchrotron sources; its huge potential in medical imaging was rapidly recognized (Lewis, 2004). One of the earliest medical applications to be targeted was mammography, as various XPCI methods immediately showed image quality largely outperforming clinical practice (Arfelli et al., 1998; Pisano et al., 2000); indeed, mammography was also the area where the first clinical study on human patients was performed, still at a synchrotron (Castelli et al., 2011; Olivo and Castelli, 2014). This study was based on the simplest XPCI approach, propagation-based (PB) XPCI, which does not require the use of any optical elements (Figure 1), but requires a “spatially coherent” (simplifying, small and distant) focal spot, as is readily available at synchrotrons.
[image: a) Conventional, attenuation based x-ray imaging b) wave optics representation of x-ray phase contrast imaging c) simplified geometrical optics representation of x-ray phase contrast imaging.]FIGURE 1 | Propagation-based (PB) XPCI (b,c) compared to conventional X-ray imaging (a). In the latter, only the attenuation of X-rays is considered: an object becomes visible if it attenuates more (or less) than the surrounding background, which creates a “shadow” in the detected image (a). This is the main limitation of conventional X-rays, as the attenuation of soft-tissue tumors is very similar to that of the surrounding healthy soft tissue, making their detection difficult. In XPCI, the fact that X-rays are waves is exploited instead: waves travel with different speeds through different materials (b), leading to parts of the wavefront being phase-shifted with respect to others upon traversing an object. Allowed a sufficient distance to propagate, these phase shifts create interference patterns, the peaks and troughs of which are typically much more intense than signals created by attenuation. However, the detection of these patterns requires “spatially coherent” (small and distant) sources and detectors with high resolution. An approximated description relies on X-ray refraction, as refraction angles are proportional to the first derivative of the phase shifts, highest at details’ edges. As can be seen in (c), this approximated description cannot reproduce the fine fringes of the interference pattern in (b), but it does reproduce the pattern’s main minima and maxima. This was used as inspiration for the development of methods working with incoherent sources such as edge illumination.At that stage, the necessity to rely on large, expensive and highly specialized facilities such as synchrotrons (only approximately 50 of which exist in the world) severely limited the diffusion of XPCI, and de facto prevented medical uses apart from specific studies like the above. However, in the mid-00s, techniques emerged that enabled XPCI to be implemented with conventional sources (Figure 2), such as Talbot-Lau interferometry (TLI, Pfeiffer et al., 2006) and Edge Illumination (EI, Olivo and Speller, 2007).
[image: a) Talbot-Lau interferometry b) double mask edge-illumination x-ray phase contrast imaging c) single mask edge-illumination x-ray phase contrast imaging.]FIGURE 2 | Talbot-Lau interferometry (TLI, (a)) and double- (b) and single- (c) mask versions of edge illumination (EI). In TLI, a phase grating with a small period (a few microns) is coherently illuminated so as to form a “Talbot self-image” which is analyzed at the detector by a second (absorption) grating. The regular structure of the grating allows “sectioning” an extended (i.e., incoherent) source with a third (“source”) grating creating sufficiently coherent “sourcelets”, which must be harmonically matched to the other two gratings. EI dispenses with coherence by using an amplitude modulator that directly “sections” the beam into beamlets, which are deflected by refraction (i.e., phase changes) induced by the sample. These deflections can be detected either via a second mask on the detector (b), or with a detector with sufficiently small pixels so as to resolve the beamlets directly (c). (c) Is a simpler implementation but it may restrict the available field-of-view, since 4-5 pixels per beamlet are required instead of just one (as is the case in (b)).Later, the advent of novel source technology allowing higher fluxes from small focal spots (and therefore featuring higher spatial coherence than conventional X-ray tubes) such as those based on Liquid Metal Jet (LMJ) anodes (Larsson et al., 2011) allowed pre-existing methods such as PB XPCI to be implemented in more compact setups (Twengström et al., 2022). Concurrently, they also allowed additional techniques born at synchrotrons that require spatial coherence such as speckle-based imaging (Morgan et al., 2012), characterized by a “random” beam modulator, to be implemented on a laboratory scale (Zanette et al., 2014). More recent research making use of absorbing (as opposed to phase-shifting) random modulators, effectively a “hybrid” between EI (it its “single mask” embodiment, see e.g., Vittoria et al., 2017) and speckle-based imaging, may allow relaxing the spatial coherence requirements, ultimately leading to implementations with non-micro-focal X-ray sources (Magnin et al., 2023).
The development of these novel approaches allowed imaging tissue specimens outside synchrotrons and in standard labs, prospectively opening the way to digital histology and, more recently, intra-operative imaging.
3 APPLICATIONS OF XPCI TO INTRA-OPERATIVE IMAGING
Interest in the use of XPCI for tissue specimen imaging (for e.g., “digital histology”) arose already with synchrotrons which, due to their “ideal X-ray source” nature, allow superb image quality, including of breast tissue: exquisite examples can be seen in e.g., Baran et al. (2018) and Donato et al. (2024). Successful attempts were made to obtain at least comparable image quality with TLI (Hellerhoff et al., 2019; Polikarpov et al., 2023); example images are reported in Figure 3.
[image: Example images of breast tissue obtained with TLI. a) and b) show phase images while c) and d) show attenuation images.]FIGURE 3 | XPCI micro-CT images of breast tissue with TLI and laboratory sources. (a) Shows images of a tumor mass (indicated by X) surrounded by DCIS (white arrows), clearly differentiated thanks to XPCI; the same structures are hardly distinguishable in the conventional attenuation image in (b), although adipose tissue (indicated with at) is distinguishable in both. (c) Shows another example where TLI-based XPCI enables distinguishing milk ducts with columnar metaplasia (A), dilated ducts (B), cysts (Cy) and fibrosis (D); the same features ate not distinguishable in the attenuation image in (d). Panels (a,b) are adapted under the terms of the Creative Commons Attribute License, CC-BY 4.0 license from Hellerhoff et al. (2019), https://doi.org/10.1371/journal.pone.0210291. Panels (c,d) are adapted under the terms of the Creative Commons Attribute License, CC-BY 4.0 license from Polikarpov et al. (2023), https://doi.org/10.1038/s41598-023-35854-6.The main issue with the results reported in Figure 3 is acquisition times, which range from ∼7 (Hellerhoff et al., 2019) to ∼90 h (Polikarpov et al., 2023), making application to intra-operative imaging impossible. TLI requires a procedure called phase stepping, whereby one of the gratings must be stepped laterally by sub-period increments at each CT angular projection (e.g., Hellerhoff et al. used 11 steps and Polikarpov et al. used 5). On top of extending acquisition times in proportion to the number of used steps, phase stepping a) adds dead times to the scans, associated with motor movements and return to starting position, and most of all b) imposes the use of a step-and-shoot acquisition procedure, as opposed to a “flyscan” one where the sample is continuously rotated, therefore eliminating any source of dead time. “Interlaced” approaches where stepping of the grating and sample rotation are combined were proposed at synchrotrons (Zanette et al., 2011) but, to the best of our knowledge, not translated to extensive studies of biological tissues. Options to avoid phase stepping, pioneered by Momose’s group (Takeda et al., 2007), require the use of very small detector pixels to directly resolve the Talbot self-image created by the phase grating (e.g., 1 micron in the cited paper). Since detectors typically have a few thousand pixels, this restricts the field-of-view to a few mm, making applicability to full WLEs practically impossible.
A breakthrough in the ability to achieve acquisition speeds compatible with intra-operative imaging in XPCI came from Diemoz et al. (2017) adaptation of Paganin et al.’s “single shot” phase retrieval method (Paganin et al., 2002) to EI. The Paganin et al. method enables retrieving the phase from a single image in PB XPCI based on a proportionality assumption between phase and attenuation in homogeneous objects. We note this is a reasonable assumption in breast tissue which, calcifications aside, is indeed a near-ideal sample for Paganin’s method; as can be seen from Figure 4, calcifications are still clearly visible, although their retrieval is not quantitatively exact. It should be noted, however, that the possible presence of clips or other metallic inserts would also cause problems–not only to Paganin retrieval but also to general CT reconstruction methods (De Man et al., 1999). As such, they should be handled following established strategies (e.g., Zhang et al., 2011), ideally before application of the Paganin algorithm. Some artefact reduction strategies have been developed specifically for phase-based X-ray methods (Kumschier et al., 2024).
[image: Example images of breast tissue with EI. a) shows the EI XPCI images compared to b) histology and c) conventional specimen radiography. d) shows another example where the EI XPCI image (bottom) is compared to histology (top).]FIGURE 4 | XPCI micro-CT images of breast tissue with EI and laboratory sources. (a) Shows a phase CT slice where arrows 1 and 2 show an involved margin and tumor-induced inflammation, respectively; these are confirmed by H&E histopathology (b), the appearance of which is remarkably similar to the EI phase micro-CT image. Tumor inhomogeneity is also detected (red arrow), similarly to results shown in Figure 3a but with much faster scans. For comparison, (c) shows a conventional specimen radiography image of the same sample, highlighting the extreme difficulty in extracting the same information. (d) Uses a different sample to demonstrate the method’s ability to visualize DCIS (bottom half of the image), again with matching H&E results (top half). Adapted under the terms of the Creative Commons Attribute License, CC-BY 4.0 license from Massimi et al. (2021), https://doi.org/10.1038/s41598-021-83330-w.Unlike TLI and speckle methods that are characterized by uneven image backgrounds, the relatively large mask periods in EI allow the acquisition of a perfectly flat field in the absence of a sample (see Figure 2b: despite the relative misalignment between the two masks, all detector pixels are illuminated in the same way). This allows a straightforward translation of Paganin’s method, enabling effective phase retrieval (for homogeneous samples) from single projections, which in turn allows flyscan acquisitions with continuous sample rotation. Based on this principle, Diemoz et al. demonstrated unprecedented phase-retrieved micro-CT scan times of 3 min for biological samples using conventional rotating anode X-ray sources. This innovation prompted a study on breast tissue specimens aimed at intra-operative imaging (Massimi et al., 2021), some examples from which are reported in Figure 4.
A first part of the Massimi et al. study scanned >100 in vitro formalin-fixed breast tissue specimens, approximately half of which contained cancer. As well as with EI XPCI micro-CT, all specimens were also imaged with conventional specimen radiography and underwent histopathology evaluation. The study’s radiologist blindly scored both XPCI and conventional radiography images for cancer presence at margins, and histopathology was used as the ground truth against which both imaging methods were benchmarked. This showed comparable specificity (83%, 95% CI 70%–92% vs. 86%, 95% CI 73–93 for XPCI and specimen radiography, respectively), but a remarkable 260% improvement in sensitivity for the former (83%, 95% CI 60%–92% vs. 32%, 95% CI 20–49). Considering that several studies indicated that sensitivity was the last hurdle micro-CT needed to overcome to become the method of choice in intra-operative imaging (see §1), this is an extremely promising result.
For this study, the radiologist was trained ahead of undertaking the blind scoring of all XPCI images: they were given short presentations by the physicists group supported by the pathologist, during which they were able to see XPCI CT slices side-by-side with matching histopathology images. Following training, they looked at all XPCI images scoring them for cancer presence (yes/no) and cancer presence at margins (yes/no). They did the same with the conventional specimen radiography images, for which of course they needed no training. There was discussion as to whether it would be possible to train the surgical team on image interpretation so that a radiologist would not be needed, with or without the support of appropriately trained AI algorithms. These remain interesting and active areas of current and future research.
The second part of the Massimi et al. study demonstrated that the method could be seamlessly integrated into the clinical workflow, i.e., that it could scan entire, fresh WLEs in times compatible with those required by clinical workflows. An enhanced version of the scanner with a field-of-view of 9 × 9 cm2 (which 1 year of observations at the Barts hospital in London, UK indicated was sufficient to cover >90% of the cases) was deployed in a reasonable vicinity of the operating theatre. Through discussions with the surgical team, it was agreed that a maximum time of 15 min could be made available; 15 min scans were then performed, but post-scan analysis in which half the CT projections were discarded revealed that 7.5 min scans would have resulted in comparable image quality (Figure 5). It has to be specified though that these times refer only to the specimen scan and do not include the CT reconstruction time. Since the latter is a parallelizable process that can be implemented on GPUs, it was assumed the added time related to reconstruction could be considered negligible compared to the scan time in a prospective clinical system.
[image: Example of fresh WLE obtained with EI XPCI and a) 15’ scan time b) 7.5’ scan time.]FIGURE 5 | XPCI micro-CT images of full-size (container diameter 5 cm) fresh WLEs obtained with a dedicated intra-operative EI XPCI scanner and 15 (a) and 7.5 min (b) scan time. Adapted under the terms of the Creative Commons Attribute License, CC-BY 4.0 license from Massimi et al. (2021), https://doi.org/10.1038/s41598-021-83330-w.Another option to speed up acquisitions is to apply Paganin et al.’s retrieval algorithm to PB XPCI, for which it was originally intended. However, unlike EI, PB XPCI requires a spatially coherent source which, from a lab deployment perspective, means a micro-focal source. The issue with micro-focal sources is their low power, which translates into low X-ray flux and therefore longer acquisitions. As an example, a widely used micro-focal source by Hamamatsu (model L12161-07) has 10 W of power in “small focus” mode, which is 120 times lower than that of the Rigaku Micro-Max 007 source used in the Massimi et al. study. Power directly translates into X-ray flux and therefore scan time.
A great opportunity in this space was created by the development of a new source technology (the LMJ) that can provide higher power from small focal spots. Indeed, to the best of our knowledge, the Twengström et al. (2022) study, using PB XPCI and the LMJ source, is the only other example where the intra-operative imaging problem was targeted using laboratory-scale sources and PB XPCI. This study, which only considered fixed tissue, showed excellent margin delineation in neuroendocrine tumors in pancreas, and less sharp (but still visible) margins in intrahepatic cholangiocarcinoma in liver (Twengström et al., 2022). Despite a source power of 100 W, which becomes competitive with the 1.2 kW of the Rigaku source used by Massimi et al. (2021) once the 68% absorption in the first mask and additional 50% absorption in the second mask are taken into account (leaving approximately 190 W of source power available for imaging), scans lasted between 1.5 and 3 h. This can have several explanations. The smaller pixel size (22 vs. 50 micron) requires a ∼5-fold increase in statistics to achieve the same pixel-to-pixel signal-to-noise ratio, which is possibly exacerbated by small pixel detectors often being less efficient than larger pixel ones; however, small pixels are necessary in PB XPCI. Additional factors could be the slightly longer source-to-detector distance (approximately 1 m vs. 70 cm in the Massimi et al. case, leading to a 2-fold reduction in flux), and the lack of an emission line at 17.5 keV that can boost soft tissue contrast. However, the Twengström et al. images had higher resolution than the Massimi et al. ones, which can lead to improved detection of fine details. Twengström et al. mention the option to reduce scan times by using higher power LMJ sources, which have indeed become available; however, higher power is often achieved by increasing the kVp, leading to significantly “harder” spectra that negatively affect image contrast.
For completeness, we mention two follow-up studies with EI XPCI. In the first one (Massimi et al., 2022), it was observed that, since only a fraction of the sample corresponding to the aperture in the pre-sample mask is illuminated (see Figures 2b,c), a resolution equal to the aperture size can ultimately be obtained in the images. This allowed the acquisition of images with a resolution of about 12 micron (comparable to the Twengström study). This enabled the visualization of tumor strands as thin as 30 micron (Figure 6); furthermore, contrast gets also boosted by the increased resolution, which enabled the detection of features classically considered X-ray invisible (e.g., tissue response to chemotherapy). However, this came at the cost of lengthening scan times to a few hours: reaching aperture-limited resolution requires stepping the sample (or the mask) at every CT projection in increments equal to an aperture, until a complete mask period is covered. Similarly to phase-stepping in TLI, this increases the scan time proportionally to the number of steps (given by mask period divided by mask aperture) and, most of all, imposes a step-and-shoot acquisition modality that adds dead times. However, it is important to note a key difference in the reason why stepping is applied: in TLI, it is a necessity to perform phase retrieval; in EI, it offers an option to increase spatial resolution, while retrieval is still performed on single frames. Without stepping, retrieved images with a resolution determined by the pixel size are obtained (as in Massimi et al., 2021). Importantly, this is achieved by implementing a different acquisition scheme on the same machine: e.g., the scanner used for intra-operative imaging could be used for more detailed tissue studies (virtual histology) during surgery downtimes.
[image: (a) High-resolution EI XPCI image compared to a lower resolution counterpart (b). (c) high-resolution EI XPCI image compared to histology (d).]FIGURE 6 | High resolution micro-CT images of breast tissue with EI and laboratory sources. (a) Shows how the “high resolution” acquisition mode allows the detection of ∼30 micron thick tumor strands (see profile in the inset), invisible in the faster, lower-resolution mode (b). Yellow arrows in (c) show the tissue’s response to chemotherapy, confirmed by the matching H&E image in (d). The red arrow indicates a residual infiltrating ductal carcinoma. Adapted with permission from IEEE Transactions on Medical Imaging (License Number 5987140428005) from Massimi et al. (2022), https://doi.org/10.1109/TMI.2021.3137964.Finally, Partridge et al. (2024) applied EI XPCI micro-CT to the intra-operative imaging of full human esophagi resulting from esophagectomy procedures. An additional complication was encountered in this case: because esophagi consist almost entirely of muscle, contrast was hindered, also in XPCI, by muscle and water having practically the same X-ray refractive index. By partially displacing water via ethanol immersion, Partridge et al. (2024) obtained exquisite delineation of esophageal layers which enabled T-staging the tumors from the X-ray images alone. However, this required leaving the specimen immersed in ethanol for times too long to be compatible with intra-operative practice, even considering the longer duration of esophagectomy procedures compared to breast conserving surgery. Faster specimen preparation procedures are therefore needed to translate EI XPCI micro-CT into intra-operative imaging for esophagectomies.
4 CONCLUSIONS AND PERSPECTIVES
Various implementations of XPCI micro-CT with conventional sources have shown huge potential in digital histology, with EI and PB XPCI with LMJ sources showing promise also in intra-operative imaging, offering potentially the major achievements in the reviewed field–at least as far as x-ray based techniques are concerned.
In particular, Massimi et al. (2021) showed that (at-pixel resolution) EI XPCI micro-CT boosts the sensitivity for cancer detection at margins by a factor 2.6 compared to specimen radiography (the current standard practice in the United Kingdom), and that it is suitable to image full size, fresh WLEs in timeframes compatible with clinical workflows. For clinical translation, a key gap in research is the need for further clinical trials on fresh WLEs to ascertain sensitivity and specificity vs. different cancer types, ideally followed by a multi-center prospective randomized study to confirm the clinical and cost effectiveness of EI XPCI micro-CT for breast conserving surgery. From a technical perspective, a challenge is the need to maintain the two (pre- and post-sample) masks used in EI to achieve phase sensitivity aligned to within approximately a micron, in noisy and vibration-prone environments like hospitals. Methods to mitigate this based on automated alignment exist (Millard et al., 2013), and the technique has been repeatedly used in rugged environments such as factory floors (e.g., Astolfo et al., 2017). Options to use simplified approaches based on a single mask are also discussed in the literature (Vittoria et al., 2017).
PB XPCI with LMJ sources provides excellent image quality with higher resolution; a remaining gap is the need to speed up acquisitions to become compatible with intra-operative practice. This could be achieved by using higher power LMJ sources that do not compromise image contrast via excessively high average X-ray energy, better detector technology, or both.
If sufficient miniaturization is achieved, laser-based sources (Gambari et al., 2020) could also become an option in the future, especially considering their rapid progress (Doherty et al., 2023).
Options to significantly increase resolution in EI XPCI micro-CT were demonstrated by Massimi et al. (2022); these, however, came at the cost of lengthier step-and-shoot acquisitions. A method termed “cycloidal CT” was developed where the sample is roto-translated in the “structured” X-ray beam (i.e., the multiple beamlets created in EI by the pre-sample mask), which allows accessing the higher, “at aperture” resolution available in EI with flyscans instead of step-and-shoot acquisition (Hagen et al., 2020). A first, proof-of-concept assessment of the viability of cycloidal CT in intra operative specimen imaging has been conducted (Roche i Morgo et al., 2021) which, if further developed, could lead to a “best of both world” situation where very high resolution and scan times compatible with intra operative practice may become simultaneously available.
Finally, cost would also be an essential element of any health economics assessment looking at the adoption of the above x-ray solutions in clinical practice. EI requires masks that currently have a cost of approximately $10–20k; it should be noted, however, that most of these are “set-up” costs related to the fact that masks are being built as “one offs” to specific, custom designs; if mass-produced to a fixed design, it is reasonable to expect that their cost would reduce significantly. Therefore, they would add relatively little to the overall cost of a micro-CT machine: if the cost of the latter is considered acceptable for intra-operative use, then it is reasonable to assume that an EI version would be too. The current cost of a LMJ source is considerably higher than that of a standard x-ray source (including rotating anode); however, this too could reduce as the technology progresses.
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