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Abstract:- There are a number of well-established methods in both preclinical and clinical uses of 

X-rays for non-invasive imaging, including computed tomography and tomographic imaging. 

Quantitative mapping of various elements in samples of interest is made possible by X-ray 

fluorescence analysis, while projection radiography offers anatomical information. So far, the 

technique has mainly found use in the material, archaeological, and environmental sciences for 

elemental identification and quantification; however, the application in the life sciences has been 

severely constrained by intrinsic spectral background problems that arise in larger objects. Multiple 

Compton-scattering events in the target objects provide this background, which severely restricts the 

minimum detectable marker concentrations that may be achieved. In this article, we take a look back 

at X-ray fluorescence imaging's (XFI) past, present its current and future promising preclinical 

applications, and predict its eventual clinical translation, which will be possible by lowering the 

aforementioned intrinsic background using specialised algorithms and new X-ray sources. 

Monochromatic synchrotron x-rays are used in conventional x-ray fluorescence computed 

tomography (XFCT) in order to simultaneously find the concentration and spatial distribution of 

different elements, such metals, in a sample. It would appear, however, that in a conventional 

laboratory environment, the synchrotron-based XFCT method is not appropriate for in vivo imaging. 

To the best of our knowledge, our study is the first to show that XFCT imaging of a small object 

(about the size of an animal) with low concentrations of gold nanoparticles (GNPs) employing x-rays 

from the polychromatic diagnostic energy range is possible. To be more precise, we built a 

polymethyl methacrylate (PMMA) phantom that resembles a small animal's internal organs and 

tumours by filling two cylindrical columns with saline solution containing 1 and 2 weight percent 

(wt) GNPs, respectively. After suitable x-ray beam filtering and detector collimation, the phantom 

was scanned using an XFCT under a pencil beam geometry with a microfocus 110 kVp x-ray beam 

and a cadmium telluride (CdTe) x-ray detector. With contrast levels inversely proportional to gold 

concentration, the two GNP-filled columns were clearly visible in the reconstructed images. 

However, scanning duration is a major reason why the present pencil-beam implementation of XFCT 

is impractical for commonly used GNPs in in vivo imaging tasks. However, it is still possible to see 

things smaller than the current phantom size using a combination of several detectors and a small 

number of projections. The present study proposes various ways to alter the existing XFCT 

configuration, including using a quasi-monochromatic cone/fan x-ray beam and XFCT-specific 

spatial filters or pinhole detector collimators, to determine whether a bench-top XFCT system is 

feasible for GNP-based preclinical molecular imaging systems. 
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Introduction: 

Wilhelm Conrad Röntgen famously discovered X-rays in 1895 [1]. Since then, many different kinds of X-ray imaging 

have emerged, all with the same goal of non-invasively revealing information about living things. Parts 1 and 2. In 

1896, the idea of X-ray radiography was first put into clinical use, showing that X-ray imaging could be used for even 

soft tissue by the injection of a contrast liquid. Along with the fast development of new uses, many scientists toiled to 

improve the foundational X-ray technology, such as by making electron beams more precisely focused or by fine-

tuning the quality of fluorescing screens to obtain higher-quality images [1-3]. Although the majority of these initial 

imaging techniques were based on the idea that materials with various densities transmit X-rays in different ways, 

leading to visual contrast, Max von Laue found the principle of X-ray diffraction by crystals in 1912. William Henry 

Bragg and his son William Lawrence Bragg established two new areas of study, X-ray crystallography and X-ray 

spectroscopy, after verifying the diffraction discovery using a different approach [4, 5]. Since then, X-ray 

crystallography has developed into a leading technique for determining the three-dimensional structure of proteins, a 

piece of data crucial for understanding how proteins work at the molecular level. There are still a number of 

challenges to structural protein determination, such as the need for big, well-diffracting crystals and the instability of 

purified proteins. However, these can be overcome with the help of new methods and strategies that have emerged in 

the last ten years [6-8]. When it comes to identifying features seen in imaging systems, X-ray spectroscopy has joined 

crystallography as an indispensable tool for getting data on local constituents. 

Tomographic imaging has been a game-changer for medical research and science since Hounsfield found the Radon 

transform's practical uses in the middle of the twentieth century. Medical professionals and engineers now have a 

nondestructive and invasive way to get detailed pictures of the inside of a person or object thanks to X-ray computed 

tomography (CT) scans. We can now follow chemical tracers inside a living thing with the use of emission 

tomography scans like positron emission tomography (PET) and single-photon emission computed tomography 

(SPECT). With nanoparticles discovering so many uses in biomedicine, a tomographic imaging technique that can 

capture their distributions in living organisms could be useful in creating new diagnostic or therapeutic nanoagents [9, 

10]. 

Figure 1. Interaction of X-rays with a substance 

Figure 2. Principle of Fluorescent X-rays Emission 
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Transmission scans and emission scans are the two main types of tomographic imaging procedures. One common use 

of transmission scanning, like x-ray computed tomography (CT), is to construct a map of attenuation inside an item. 

This map can then be used to create an image of the object's structure or anatomy by differentiating between regions, 

such as bone, muscle, and fat. Radiation released by tracers that are injected or introduced into an item can be detected 

and localised by emission scanning [11]. When applied to live subjects, these tracers can be tailored to target specific 

areas of the body based on their chemical or biological composition; this allows for the generation of functional 

pictures illustrating various biological processes.  

The use of emission tomography in radiology has been quite fruitful for quite some time. To provide a tomographic 

picture of what's going on inside an object, this method often uses radiation released by the material to be detected. 

Radioisotopes are the most common type of substances used in these types of scans; they can generate a single photon 

(SPECT) or two photons (PET) after positron annihilation. The 140-keV photon in 99mTc SPECT and the twin 511-

keV annihilation photons in PET are examples of radioisotope-specific radiation that must be detected in order for this 

imaging modality to work [12, 13]. An alternative to directly injecting radioactive material is to capture photons that 

have been triggered by an external radiation beam; this allows for the reconstruction of images. Sputtered emission 

tomography is one name for these kinds of imaging techniques. Proton radiation dosage verification using PET 

imaging to identify 11C and 15O generated during proton interactions with tissue is one example. The detection of 

distinctive fluorescence x-rays generated from an item under irradiation by an external x-ray beam is the basis of x-ray 

fluorescence computed tomography (XFCT), which is based on it. 

Problems with nanoparticle imaging 

Because nanoparticles can have so many different characteristics, they provide a versatile platform for functional 

imaging. These characteristics may originate from the functional substance connected to the nanoparticles or be 

intrinsic to the nanoparticles themselves. Nanoparticles with a tiny enough size can enter the tumor's blood vessels and 

interstitium, leading to a higher concentration of nanoparticles in the tumour than in normal tissue. This process is 

called increased permeability and retention. Another option for "active" targeting is to attach nanoparticles to 

antibodies that detect tumor-specific biomarkers.  

Possible targets include angiogenesis mediators like vascular endothelial growth factor and tumour indicators like 

epidermal growth factor receptor and human epidermal growth factor receptor-2 [14]. In a manner analogous to 18F 

deoxyglucose positron emission tomography (FDG-PET) imaging, metabolic agents like deoxyglucose can also be 

employed to actively target and internalise nanoparticles. 

This book covers a lot of ground, including some of the more recent significant uses of nanoparticles in cancer 

imaging, radiation treatment, and thermal therapy. An integral part of the growth of these uses has been imaging, both 

in a laboratory setting and in living organisms. So far, it seems like the many imaging issues related to in vitro 

investigations have been successfully addressed. However, prior studies frequently ran into roadblocks or were 

postponed due to the absence of a reliable imaging technique or in vivo test to ascertain the bio-distribution of 

nanoparticles administered to animals [15]. In the absence of this instrument, the bio-distribution may only be 

ascertained by means of post-mortem study conducted on animals. If an imaging technique could quantify the spatial 

distribution and amount of nanoparticles within a tumour and other essential organs, it would be feasible to estimate 

the bio-distribution of nanoparticles in vivo. 

Imaging using X-Ray Fluorescence 

Fluorescence x-rays, also known as characteristic x-rays, are a distinctive physical property of metallic nanoparticles 

that can be directly controlled by their base material. Therefore, fluorescence x-rays are an effective method for 

determining a sample's chemical make-up. Each atom's electrons occupy a distinct energy level in the electron shell 

model. By absorbing or emitting a photon with an energy equal to the difference between their shells, electrons can 

move between these energy levels [16]. For any value of Z, there are distinct arrangements of these energy levels 

caused by differences in the nucleus charge. Therefore, the fluorescence x-ray energies that each atom emits are a 

reliable way to identify it, and these values are unique for each element. 

When trying to determine what materials make up a sample, analytical methods that make use of fluorescence x-rays 

are frequently employed. Methods like energy-dispersive x-ray spectroscopy, which uses electrons in a way similar to 
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electron microscopy, and x-ray fluorescence, in which the material is assaulted with photons, are examples of such 

techniques in practice. Combining these technologies with tomographic imaging techniques allows XFCT to pinpoint 

the exact location and concentration of a fluorescing material inside an object. The following is a summary of the 

approach: 

1. A photon beam is used to irradiate an object that has nanoparticles put onto it, causing it to emit fluorescence x-

rays. 

2. The energy of the fluorescence x-rays can be determined by an energy-sensitive photon detector device, which

allows for the identification of the nanoparticles' base material. 

3. tomographic reconstruction methods determine the nanoparticle distribution by analysing the intensity of the

fluorescence signal at various locations and angles with respect to the object. 

New Methods for Measuring X-Ray Fluorescence 

With an emphasis on linking metal element abundance with monitoring of highly exposed employees, the methods 

have been enhanced since the 1970s to also permit determination of cadmium, lead, mercury, platinum, and gold. 

Because the item absorbs the transmitted characteristic radiation, X-ray fluorescence analysis could only be used in in 

vivo settings for elements with atomic numbers greater than about 40 in 1980. Those initial in vivo measurement 

setups contrasted various radionuclide sources, radiation sources, and X-ray tubes, and the radiation emitted was 

detected using Ge (Li)-detectors in conjunction with a collimator placed in front of the detector. The X-ray 

fluorescence spectra of lead in water measured with 57Co sources revealed a significant background level, primarily 

due to scattered primary photons, and thus revealed limits in the least detectable concentration. With X-ray tubes and 

specialised filters, it would be possible to attain minimum detectable concentration values that are comparable. The 

studies that were reported, however, only involved human fingerbones. It is stated that due to the low sensitivity of X-

ray fluorescence measurements taken in vivo, it is not feasible to conduct detailed studies of the distribution of lead in 

the skeletons of people who are exposed to lead on the job. In its place, X-ray fluorescence analysis—which requires 

invasive procedures—is recommended for use with autopsy samples [17, 18]. The sensitivity is highly dependent on 

the tissue layer between the detector and the kidney surface, and the measurements primarily reflect the concentration 

in the kidney cortex instead of the whole organ. This was determined by studying the minimal detectable 

concentration of cadmium using a kidney model placed in water. To obtain the least background, an improved 

approach uses photons that are partly polarised and a detection angle of 90◦. The scattered beam is made more 

monoenergetic and the absorbed dose to the patient is reduced by using a modified X-ray therapy tube in conjunction 

with rods and foils. The patient sits on a specially designed chair during the procedure. Before taking fluorescence 

measurements, an ultrasound is used to localise the kidneys. To minimise background counts, collimated detectors 

with thick Si (Li) or Ge sensors face perpendicular to the main and dispersed beams. In order to further reduce the 

detection limit, optimisation efforts often involve increasing the measurement period and making use of an X-ray tube, 

which primarily emits radiation with a high fluence rate [19, 20]. The X-ray source, geometry, and measurement 

sensitivity were all thoroughly discussed. The three primary considerations that influence the selection of the photon 

source are as follows: (1) achieving an optimal penetration depth, (2) minimising the spectral background in the lead 

signal region, and (3) maximising the lead X-ray fluorescence yield per incident photon. Since Compton-scattered 

photons are known to be the primary background source, it is crucial that the Compton scatter peak be located as far 

away from the target lead X-ray peaks as feasible. To minimise the energy range and intensity of the observed 

Compton-scattered photons and to optimise the field of view and limit needless doses to the subject, 109Cd is chosen 

as the source with the optimal parameters, in conjunction with a unique collimator design. To account for differences 

in object size, shape, and overlying tissue thickness, the estimates propose normalising the detected lead counts to the 

coherent scatter peak (i.e., from Rayleigh scattering). This is based on the assumption that Compton scattering is 

isotropic in the laboratory system. Along with lead content measurements in exposed individuals, X-ray fluorescence 

was used to follow cisplatin in vivo, a cytostatic drug that has been effective in treating cancer. The background 

contribution from incoherently scattered (Compton) photons is reduced to about 40% compared to unpolarized 

radiation in this study using a measurement setup for plane-polarized photons, where the main beam is scattered in 

two mutually orthogonal directions at a target with a low atomic number but a high density [21, 22]. Just like in the 

other experiments that were discussed, the lowest concentration that can be detected at a depth of 4 cm for a duration 
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of 30 minutes is approximately 8 µg/g. Even at such low concentrations, the total mass of cisplatin in a human kidney 

is substantially more than in a mouse kidney, hence it is not possible to compare preclinical investigations with this 

marker concentration. While the 109Cd method has been widely used for a while, it cannot detect the trace amounts of 

lead that are found in the average person's blood. The new system was built by Nie et al. with the use of phantom 

experiments and Monte Carlo simulations. They anticipated that it would be around three times more sensitive than 

the conventional method. 

Accurate Fluorescence Measurement 

Imaging with X-Rays via Source and Detector Collimation 

Even in its most basic form, XFCT allows one to pinpoint exactly where fluorescence x-rays come from. So, it's 

feasible to stimulate fluorescence x-rays in a very small area of an item utilising a pencil-thin x-ray beam. 

Subsequently, the fluorescence x-rays that were emitted along a line perpendicular to the initial x-ray beam are 

observed by a detector that is firmly collimated. This method involves repeatedly probing little areas of the item to 

find the concentration of nanoparticles in each [23, 24]. Figure 8.2 shows that this method is easy to implement, and 

reassembling the images is a breeze (because it doesn't require any understanding of tomographic techniques). 

Nevertheless, attenuation correction is increasingly tricky, and this approach has the drawback of not being able to 

gather more than one sinogram element per object irradiation, which increases scan times. 

Experimenting with Collimated Fluorescent X-Rays from a Source or Detector 

Modern techniques have made it possible to reduce scan times without sacrificing image quality. The observed 

fluorescence signal needs to be spatially recorded in some way so that a tomographic image of the nanoparticle 

distribution may be constructed. Measured signals for object-based image reconstruction methods based on inverting 

the Radon transform are line integrals. Radiation loss between the x-ray source and a single detector pixel is what 

transmission imaging is all about. If you want to use XFCT, you'll need to ensure that the fluorescence signal you 

detect follows a certain ray that goes through the item. Both the x-ray source and the detector are capable of 

accomplishing this. In the first scenario, known as source collimation, the incoming x-rays are focused into a narrow 

ray, also called a pencil beam, and the observed fluorescence signal is limited to following the path that this ray takes 

as it penetrates the material under study [25, 26]. The detector is positioned behind a parallel-pinhole collimator in the 

second scenario, known as detector collimation. So, the line that the detector's field of view follows through the object 

is the one from which the measured signal is derived. The ability to achieve extremely fine spatial resolution by 

producing a very narrow x-ray beam is one benefit of source collimation. Since each ray passing through the object 

needs to be irradiated independently, there is a trade-off between the beam width and the scan duration.  

When conducting XFCT with a synchrotron beam to stimulate fluorescent x-rays inside the material, source 

collimation techniques are frequently used. Because of their high photon fluence and ability to be monochromatic, 

chromtron beams are ideal for XFCT. A high dose/signal ratio is characteristic of monochromatic beams (more on this 

later), and scan time is proportional to photon fluence. High resolution XFCT with manageable scan time can thus be 

achieved using synchrotron beams. A line or area detector records several rays through the object simultaneously, 

similar to SPECT imaging, which is achieved by detector collimation. As a result, all the data needed for a single 

projection may be collected at the same time, which is a huge time saver. Two of the constraints on in vivo XFCT 

imaging—the scan duration and imaging dose—can be reduced in this way. Nevertheless, the size of each detector 

pixel element becomes the limiting factor for the image's spatial resolution [27, 28]. Due to size constraints on energy-

sensitive detectors, this can limit the image quality for small-animal polychromatic XFCT. To alleviate these issues, 

researchers are still working.  

Evaluation of the XFCT Output 

Within the item, the fluorescence detection process is impacted by two primary impacts. The first is the well-known 

phenomenon of fluorescence x-ray emission from nanoparticles. This happens when a photon from a source interacts 

with an atom in a nanoparticle, causing an electron shell vacancy and hence the emission of fluorescence x-rays. The 

second effect is the scattering of the source photons by the object's Compton surface. The XFCT signal is the first 

effect, while the noise is the scattered photons. To isolate the photons that really fluoresce from the ones that are 

distributed about the object, an energy-sensitive detector is required. Scatter correction is significantly more 
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challenging in XFCT due to its physics compared to other emission tomography modalities. Specific directional 

gamma tomography (SPECT) involves injecting a radioactive tracer into the patient's circulation and then using 

detectors strategically placed around the body to assess the radiation intensity in various directions. Since the energy 

of the tracer's produced photons can only be reduced by scattering and other effects at these energies [29–32], the 

patient's highest energy photons are those that have not interacted. A basic energy window that excludes lower 

energies allows scatter to be separated from the main.  

Conversely, in XFCT, the x-ray source contains the photons with the maximum energy. The reason behind this is that 

photons that undergo fluorescence have lower energies compared to those that undergo photoelectric absorption in the 

atom from where they originated. The K and L edges of gold, for example, are at 80.7 and 11.9-14.4 keV, 

respectively. An 81 keV source photon will produce a 66 or 68 keV fluorescence photon for the significant Kα (L-to-

K) fluorescence x-ray emission. An additional 66 keV photon might be produced by subjecting the identical 81 keV

photon to Compton scattering at a right angle. As a result, using energy alone to distinguish between dispersed and 

fluorescence photons is not feasible [33]. At the fluorescence photon energies, you need to subtract an estimated value 

for the scatter background from the recorded signal. Picking the right x-ray source energy spectrum is crucial for 

efficient XFCT data gathering. More specifically, the selected energy shell of the nanoparticles must be excited to its 

fullest potential, and this requires an optimised spectrum. Think about the K-shell that a piece of gold has. Any photon 

projected onto a gold atom with the intention of eliciting K-shell fluorescence x-ray emission must surpass the 81 keV 

binding energy of the two innermost electrons. The maximum number of fluorescence photons would be emitted by a 

monoenergetic beam of 81 keV photons because the interaction cross section of gold is 81 keV (due to K-shell 

photoelectric absorption). 

If a monochromatic beam is not available, XFCT can still be carried out using a polychromatic beam. However, in 

order to harden the beam spectrum, ordinary bremsstrahlung-heavy photon beams require extensive x-ray filtering. It 

is pointless to increase dose and noise when a photon is below the nanoparticles' desired absorption edge [34, 35] 

because it cannot trigger fluorescence x-ray emission. In order to image areas filled with gold nanoparticles (GNPs) 

inside tiny objects the size of animals, with the Kα fluorescence line as the goal, the x-ray beam should be focused as 

much as possible above 81 keV. The decrease in the source's photon fluence rate caused by extensive filtration is an 

issue since it increases the scanning time needed to obtain a usable image. Therefore, it is necessary to strike a balance 

between source spectral hardness, x-ray dose, and photon fluence when developing an appropriate x-ray filter for 

polychromatic XFCT. Lead, a filtering material for certain GNP-based XFCT applications, produces an x-ray beam 

with a 110 kVp peak between 50 and 90 keV due to its transmission band that spans the L and K shells (16-88 keV). 

The poor signal-to-dose ratio is caused by the reduced transmission above 90 keV and the high fluence below 80 keV, 

yet this is still acceptable for GNP-based XFCT. Nanoparticles with an atomic number between 50 (tin) and 70 

(ytterbium) are most suited for XFCT applications that use a lead-filtered beam.  

The stacked layers of tin, copper, and aluminium that make up the Thoraeus filter are one type of x-ray filter that had 

uses during the days of orthovoltage radiation therapy. The spectra emitted by this filter exhibit a sharp peak in the 90- 

to 100-keV band for x-rays with a power range of 100- to 150-kVp. Nevertheless, the overall fluency is much 

diminished. The quasi-mono-chromatization of a polychromatic beam is an additional strategy that could be 

considered. When dealing with beam energies greater than 50 keV, when filtration becomes problematic, a material 

like highly oriented pyrolitic graphite (HOPG) can be used to extract a single energy from a beam [36, 37]. The 

homogenous interatomic spacing and densely packed crystal structure of HOPG make it possible to use Bragg 

diffraction to extract a monochromatic beam. It is theoretically possible to separate a 95 keV beam from a 

polychromatic one with a scattering angle of about 1°. The low intensity of the resulting pencil beam or the 

geometrical intricacy of employing Bragg diffraction to produce a fan/cone beam are some practical concerns that 

would make it challenging to apply this technology to GNP-based XFCT.  

It is necessary to isolate the fluorescence peak from the Compton scatter background in order to calculate the 

fluorescence signal strength. The difference between the discrete energies at which fluorescence x-ray emission 

happens and the continuum spectrum at which Compton scattered photos appear makes this a real possibility. Because 

of the relatively large scatter-to-primary ratio of a polychromatic beam, an energy-sensitive detector with respectable 

energy resolution is necessary. It is possible to calculate the fluorescence intensity by fitting a polynomial to the 
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scatter background, provided that a decent signal is also obtained for the adjacent energy channels surrounding the 

fluorescence peak. This task is effectively handled by a third-degree polynomial [38, 39] for gold Kα fluorescence 

photons produced using a lead- or tin-filtered polychromatic beam. You might get away with a lower-order fit for 

other energies or spectra. Utilising more sophisticated methods of curve fitting or spectrum filtering can potentially 

yield an improved signal. 

Synchrotron X-Flexible Charge Transfer Technology: Advancements and Uses 

The utilisation of a synchrotron as an x-ray source has been the backbone of nearly every XFCT application. The rapid 

acquisition of XFCT data with a low SPR is made possible by the extremely bright and monochromatic synchrotron x-

ray beams, as indicated earlier in the section. It was only logical to expand the use of x-ray fluorescence techniques to 

tomography, as researchers had been doing so for some time to determine a sample's material composition.  

The detection of already-used x-ray contrast ants, including gadolinium and iodine, was the primary focus of much of 

the early work on synchrotron XFCT for biological applications. Imaging of cerebral blood flow with 123I isotopes is 

another application of iodine for SPECT. For XFCT studies, these high-Z contrast agents made perfect sense because 

the detection of a fluorescence signal is dependent on the energy [40] of the emitted fluorescence photon. The capacity 

to detect far lower amounts of iodine using x-ray fluorescence gives XFCT an edge over transmission CT, which is 

utilised for detecting extremely high concentrations of contrast agents in blood. Iodine Kα rays can only penetrate 

small objects due to their narrow penetration depth.  As early as 1989, Cesareo and Mascarenhas published a proof of 

concept for fluorescence tomography. As mentioned earlier in this chapter, they did not rely on inversion of the Radon 

transform as their method. Instead, they measured each voxel in their sample directly by collimating the x-ray source 

and detector. They showed that fluorescence tomography can localise high-Z compounds within an object non-

destructively by imaging a 2 × 2 cm2 plexiglass object with regions loaded with iodine at a concentration of 5 mg/mL. 

This was done as a proof-of-principle. Iodine concentrations as low as 50 ng/mL were also detected in a 1995 

publication by Takeda et al., who conducted a comparable study.   

It was challenging to account for attenuation in the "direct measurement" geometry, according to one of the 

investigations cited earlier. Each neighbouring pixel's tracer concentration determined the signal attenuation in that 

pixel. By adding the attenuation along the lines from pixel-to-source and pixel-to-detector, the pictures were adjusted. 

This meant that any mistake in one pixel would affect all pixels behind it. To solve this problem, Hogan et al.[41] 

conducted computer simulations to demonstrate that XFCT images may be reconstructed using rotational tomography 

and the source collimation geometry. This appeared in 1991.  A 5-mm-diameter phantom containing iodine at 

concentrations ranging from 0.2 to 2 mg/mL was imaged using Fourier back-projection.  

Using an experimental setup that depended on an iterative reconstruction procedure to generate an image, Rust and 

Weigelt (1998) once again proved the applicability of Radon inversion for XFCT two years later. They managed to 

obtain pictures of iodine within a 1.5-cm ex vivo thyroid gland at concentrations of 0.6 mg/mL by applying their 

technology to conduct imaging of a biological material. In 1999, Takeda et al. measured thyroid function similarly. 

Benchtop XFCT 

Synchrotron beams are unquestionably well-suited for XFCT due to their high fluence rates and wide energy spectra. 

Problems arise when using synchrotron beams, however, and this is particularly true when imaging living organisms. 

The difficulty in obtaining a synchrotron beam makes imaging with one a challenging task. Nearly forty synchrotron 

facilities are active at this time, supporting studies in biology, physics, chemistry, and materials science, among other 

relevant fields [42, 43]. The enormous expense of constructing a synchrotron facility makes it unusual for any level of 

government lower than the federal or state to run one. Finally, synchrotron x-rays are hard to come by due to the finite 

amount of beam lines. On top of that, regular in vivo imaging of animals may be too risky with the usual dose rates of 

high-flux synchrotron beams.  

Given the reasons mentioned above, it would be advantageous to be able to conduct XFCT in a laboratory benchtop 

environment. Benchtop polychromatic XFCT is still in its infancy as a field, and its practical applications are limited 

thus far. Nonetheless, this XFCT method has shown its strength and adaptability in a number of proof-of-principle 

investigations. The exceedingly high SPR is the primary obstacle to XFCT when using a polychromatic source. An 

example would be a sample loaded with low concentrations of GNPs emitting less fluorescence photons compared to a 
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lead-filtered 110 kVp beam, which can result in a Compton scattering number that is over a hundred times greater. 

It is crucial to think about how to prevent the creation or detection of scattered photons before attempting to obtain a 

fluorescence signal using a polychromatic beam. Think of a spectrum that doesn't exist. Overlapping a flat background 

of scattered photons is the idealised fluorescence peak shown by the solid line. It would be easy to separate the 

fluorescence peak's height from the scatter background if a detector could measure this spectrum for an infinitely long 

time [44]. Acquiring a usable signal while exposing the individual to as low dosage as feasible is essential for any 

realistic imaging technique. Until the end of time exists for counting. There will be oscillations from channel to 

channel with a magnitude of around √N, according to the Poisson model of counting statistics, for a scatter 

background of magnitude N. Accurate measurement of the fluorescence signal requires a peak height greater than this 

amount.  

The development of a fluorescence signal robust enough to withstand variations in the scatter background at low 

concentrations of GNPs is thus a significant obstacle to benchtop XFCT. This can be achieved by selecting the x-ray 

filter and acquisition geometry with precision. Even so, it's still a big drawback, and trying to get around it by 

obtaining the signal for a longer duration can increase the acquisition time and x-ray dose.  

An picture of GNPs with low concentrations (<2% by weight) was successfully acquired in 2010 by Cheong et al. 

using a 110-kVp tabletop x-ray source. The experiment was carried out in a PMMA phantom with a diameter of 5 cm 

while a lead-filtered pencil beam was used to measure the amount of Kα fluorescence photons generated by GNPs in 

order to calculate the gold concentration [45, 46]. Several synchrotron-based investigations included source 

collimation in their fluorescence acquisition geometry, but this one additionally included a weak detector collimator 

and features from the direct measurement geometry. A rather broad collimator was used to shield a cadmium telluride 

(CdTe) detector, which was positioned at a right angle to the pencil beam's centre axis. This allowed the detector to 

see a field of view within the phantom that was approximately 1 cm in diameter. The detector was moved in five 1-cm 

increments for every pencil beam that passed across the item [47]. After subtracting the Compton noise from the 

observed fluorescence spectra at each step, the five-step response was added up to form each line projection. A priori 

knowledge of the geometry informed the manual scatter correction that was a part of the unfiltered back-projection 

process used to reconstruct the image. 

CONCLUSION 

The atomic structure makes fluorescence x-rays a potent tool for determining a sample's material composition. XFCT 

is a technique that uses tomographic image reconstruction methods in conjunction with x-ray fluorescence analysis to 

determine the concentration and position of metallic nanoparticles like GNPs in living organisms. These objectives 

may be attainable for GNPs in small animals at extremely low concentrations using a tabletop equipment with 

additional improvements. For biomedical researchers dealing with nanoparticles, this kind of technology would unlock 

a treasure trove of new analytical tools. 

When it comes to the minimal detectable signal and its use in many fields, X-ray fluorescence imaging has come a 

long way since its initial use in the late 1970s. Modern setups can be realised at synchrotrons or conventional X-ray 

sources, allowing for much higher precision monitoring and control of the radiation dose and applied beam diameters, 

in contrast to the first studies that primarily used radioactive isotopes and special geometric configurations. Although 

X-ray fluorescence imaging's viability for both preclinical and clinical use was questioned in the early 2000s, the 

modality has seen remarkable development to enhance its capabilities in the last several years. Measurements at 

existing X-ray systems have been made possible by developing compact setups, and various methodologies have been 

developed to address fundamental background restrictions. Detecting low marker concentrations in huge objects is 

now possible with the use of pixelated detectors, collimators, pinholes, or specific filters; this definitely lays the way 

for future therapeutic applications. Measurements with the utmost sensitivity are now only possible at synchrotron 

beamlines, which severely restricts the possible uses. Consequently, it is critical to create more compact systems that 

would enable the modality to be used in clinical and laboratory settings. There are a variety of approaches to 

developing small X-ray systems, but the majority of them integrate XFI and CT imaging to get functional and 

anatomical data simultaneously. To have the best spatial resolution and detection sensitivity, these systems now 

struggle with the requirement to concentrate and monochromatize the incident radiation from a standard X-ray tube. 
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There is a need for improvement in the efficiency of dedicated X-ray optics in order to assess acceptable imaging 

periods and radiation doses, but they do provide a potential solution by focusing a given X-ray energy of interest. In 

general, XFI has a wide range of potential uses, including elemental distribution measurements in non-destructive 

testing, investigating the uptake of specific entities into single cells, and various medical imaging applications, such as 

studying the biodistribution of novel medicinal drug compounds or accurately localising tumours. Hence, XFI has the 

ability to supplement other established molecular imaging methods in areas where XFI provides unique data, such as 

the high-resolution, sensitivity, and simultaneous in vivo tracking of multiple immune cell subtypes in preclinical 

studies. 
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