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Abstract

Background: Gold nanoparticles (GNPs) are widely used in nanomedicine as drug carriers,
including in targeted radionuclide therapy where therapeutic radionuclides are bound to
GNPs. Quantitative assessment of their biodistribution is essential. X-ray fluorescence
imaging (XFI) is well suited for detecting high-Z elements, but its quantitative accuracy is
compromised by strong attenuation effects, particularly in L-shell XFI where low-energy
fluorescence (~10 to 12 keV) is heavily absorbed in tissue. Methods: We developed a
computed tomography (CT)-guided attenuation correction algorithm for L-shell XFI. The
method generates energy-dependent attenuation maps from co-registered CT data and
performs voxel-wise corrections along both excitation and emission paths. The approach
was tested on an ex vivo murine tumor sample resected three hours after intratumoral
injection of 34.7 µg PEG-modified GNPs. Results: Application of the CT-guided correction
substantially improved the relative accuracy of L-shell XFI reconstructions compared to
uncorrected data. The corrected distribution maps showed consistent mass recovery across
different measurement geometries, demonstrating that the algorithm compensates for the
theoretically expected attenuation due to heterogeneous biological tissue. Conclusions:
This study provides a proof-of-principle that CT-based attenuation correction enables
more reliable and quantitative L-shell XFI of GNPs in biological samples. The approach
represents a promising step toward accurate nanoparticle biodistribution assessment in
biomedical research, including preclinical studies in targeted radionuclide therapy.

Keywords: targeted radionuclide therapy; nanomedicine; X-ray fluorescence; XFI; gold
nanoparticles; murine tumor sample

1. Introduction
Cancer remains a major global health and economic challenge, responsible for nearly

one in six deaths worldwide [1]. In 2022, there were 20 million new cancer cases and
9.7 million deaths, and projections indicate that annual incidence may rise to 35 million by
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2050 [1,2]. These numbers underscore the urgent need for innovative strategies for cancer
diagnosis and therapy.

Nanomedicine has emerged as a promising avenue, offering platforms that combine di-
agnostic and therapeutic functions within a single agent, often termed (nano)theranostics [3].
Gold nanoparticles (GNPs) are among the most widely studied nanomaterials owing to
their biocompatibility [4], surface functionalization versatility [5], and tunable optical
and electronic properties [6]. These features enable their use as tumor-targeted contrast
agents [7,8], where they can accumulate in tumors via both passive mechanisms such as the
enhanced permeability and retention (EPR) effect [9] and active targeting through conju-
gated biomolecules [10–12]. In addition, GNPs can be functionalized to deliver therapeutic
payloads. For example, Huang et al. recently demonstrated that 211At (astatine-211)-labeled
GNPs combine the favorable surface chemistry of gold (Au) with the high potency of tar-
geted alpha-particle therapy, achieving efficient radiolabeling, high stability, and promising
therapeutic efficacy in preclinical cancer models [13]. Such examples illustrate the potential
of GNPs as multifunctional theranostic agents.

Beyond radionuclide-based applications, recent advances in molecular imaging work-
flows increasingly rely on integrating anatomical and functional information through
multimodal co-registration pipelines. For instance, atlas-based positron emission tomogra-
phy/computed tomography (PET/CT) co-registration strategies have revealed that differ-
ences between registration output spaces can significantly affect biodistribution analysis
in preclinical mouse models [14,15]. These findings underscore the importance of accu-
rate anatomical priors when quantifying nanoparticle distributions, motivating the use of
CT-derived information for X-ray-based elemental imaging approaches.

To realize this potential, non-invasive molecular imaging techniques are required
to track nanoparticle biodistribution and pharmacokinetics with spatial and quantitative
accuracy over extended time spans [16]. Conventional imaging modalities each face limita-
tions for nanoparticle tracking. CT provides high spatial resolution (~0.5 mm) but requires
millimolar contrast levels [17,18]. Magnetic resonance imaging (MRI) offers excellent soft-
tissue contrast but poor molecular sensitivity (milli- to micromolar) and indirect, non-linear
signal dependence [19,20]. Nuclear medicine techniques such as PET and single-photon
emission computed tomography (SPECT) achieve nanomolar or even picomolar sensitivi-
ties but are constrained by limited spatial resolution (~3 mm) and the short half-lives of
radiotracers [21–23]. A comparative overview of these techniques and their application to
nanomedicine was provided by Arms et al. [24].

X-ray fluorescence imaging (XFI) offers a complementary alternative, providing el-
emental specificity, nanomolar sensitivity for gold concentrations [25], and the ability to
simultaneously map multiple elements in tissue with micrometer-scale precision [26–29].
GNPs are particularly well suited for XFI because of gold’s high atomic number (Z = 79),
which yields strong X-ray interactions and stable signals independent of radioactive de-
cay. This stability decouples injection from imaging, enabling longitudinal studies of
nanoparticle retention, clearance, and tumor interactions.

X-ray fluorescence imaging has evolved considerably since its early in vivo applica-
tions in the 1970s, which were limited by strong attenuation of low-energy fluorescence
and high Compton background. Early setups relying on radioactive sources and Ge(Li)-
detectors suffered from insufficient sensitivity, but subsequent improvements, including
the use of polarized excitation, optimized collimation, and better X-ray sources, reduced
background and improved detectability. A major breakthrough was the emergence of
synchrotron radiation in the 1980s, enabling highly focused, monochromatic, and polarized
beams allowing for much higher sensitivities [29].
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Although synchrotron access remains limited, recent advances in benchtop de-
vice based X-ray fluorescence computed tomography (XFCT)/XFI instrumentation and
background-suppression algorithms have significantly improved practical applicability [30].
Furthermore, emerging compact X-ray sources, like laser-driven inverse Compton scatter-
ing systems offer bright, quasi-monochromatic beams and represent a promising techno-
logical pathway towards clinically deployable XFI systems [30,31].

XFI relies on detecting element-specific X-ray photons emitted following external
excitation. L-shell XFI of GNPs offers distinct advantages over K-shell imaging, including
a larger photoelectric cross-section and reduced scattering background at lower energies.
These benefits, however, depend on sample size and excitation energy [32,33]. A major
challenge for Au L-shell imaging is the substantial attenuation of low-energy fluorescence
(~10 to 12 keV) within tissue, which leads to systematic underestimation of GNP concentra-
tions [34,35]. And, if the sample size is too large, L-shell XFI becomes unpractical. However,
the tissue sample sizes in our study were still small enough to allow for sufficient transmis-
sion of the photons. Attenuation affects both the incoming excitation beam and the emitted
fluorescence photons, and depends on photon energy, tissue composition, and thickness.

Several strategies have been proposed to address this, including ratio-based methods
using Compton scatter and Monte Carlo simulations [35,36]. While informative, these
methods are limited in accuracy or practicality when applied to complex biological tissues.
An alternative is to integrate anatomical information from co-registered imaging modalities
such as CT, which can provide sample-specific attenuation maps [37]. Using CT-derived
attenuation coefficients allows correction of both excitation and emission pathways on a
voxel-wise basis.

Here, we present a CT-guided attenuation correction approach for L-shell XFI of
GNPs in murine tissues. This proof-of-principle study evaluates whether co-registered
CT information can improve recovery of GNP distributions compared to uncorrected
XFI. Murine tumor and organ samples were imaged with synchrotron and compact lab-
oratory XFI systems, reconstructed with and without correction, and the resulting GNP
distributions quantitatively compared. By addressing the fundamental challenge of fluo-
rescence attenuation, this work represents a step toward more reliable, quantitative XFI
for nanoparticle biodistribution studies. As only a single tumor sample was analyzed, this
work should be regarded as a methodological validation study rather than a biological or
pharmacokinetic investigation.

2. Materials and Methods
2.1. Murine Sample Preparation

The experimental protocol was approved by the Animal Care and Use Committee of
the Osaka University Graduate School of Science (approval code: 2019-02-1, approval date:
1 April 2019, validity period: five years). BALB/c-nu/nu mice (Japan SLC Inc.; Hamamatsu,
Japan) were maintained under pathogen-free conditions with free access to food and water.
To establish subcutaneous tumors, 1 × 107 human pancreatic tumor cells (PANC-1) were
injected into the hind leg of two mice. Tumor growth was monitored, and animals were
included for imaging studies once tumors reached a volume of approximately 50 mm3. Each
mouse then received a single intratumoral injection of PEG-modified gold nanoparticles
(GNP@mPEG) corresponding to a theoretical dose of 34.7 µg Au. This amount is typical for
such preclinical studies towards radionuclide therapy.

Three hours after injection, the animals were euthanized, and the tumor, spleen,
and liver were excised. Excised tissues were embedded in paraffin for later imaging
experiments. Because the tumors were located on the hind legs, one resected tumor sample
also contained adjacent femur and pelvic bone. Although unintentional, this heterogeneity
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provided a useful test case for evaluating attenuation effects and validating the correction
algorithm. This tumor sample measured approximately 19 × 16 × 12 mm. The other tumor
sample (not reported here) was of similar size.

2.2. Nanoparticle Preparation

Gold nanoparticles with a nominal core diameter of 5 nm (OD 1, stabilized in citrate
buffer; Sigma-Aldrich, St. Louis, MO, USA) were used in this study. For surface modifi-
cation, methoxy-polyethylene glycol thiol (mPEG-SH, Mn 6000) was added to the GNP
suspension to a final concentration of 0.1 mol/L. The reaction mixture was stirred at room
temperature for 2 h, after which PEG-modified GNPs (GNP@mPEG) were purified by
centrifugation as described previously in [13].

The quality of the PEGylated GNPs was confirmed in this earlier study by transmission
electron microscopy (JEM-2100; JEOL Ltd., Tokyo, Japan), dynamic light scattering (DLS),
zeta potential analysis (Zetasizer Ultra; Malvern Panalytical Ltd., Malvern, UK), and UV–
Vis spectroscopy (V-730; JASCO Corp., Tokyo, Japan). For the present experiments, only
5 nm GNP@mPEG were used.

2.3. Measurements

XFI scans were performed both at the P21.1 beamline of the PETRA III synchrotron
(DESY, Hamburg, Germany) and with a compact laboratory XFI system that is currently
under development by the University of Hamburg (UHH) in the framework of a project
funded by the German Federal Ministry of Research, Technology and Space (BMFTR). All
crucial parameters and measurements taken are listed in Table 1.

Table 1. Summary of scan parameters and sample orientations.

P21.1 Beamline Compact XFI System

Scanned samples/
orientation

Tumor F
Liver

Spleen
Tumor L R B

Beam energy (keV) 53 59
Bandwidth E/∆E 10−3 10−1

Photon flux 1 (ph/s) 4.79 × 108 3.84 × 108

Beam cross-section 2 (mm2) 1 × 1 0.65 × 0.6 (rms)
Number of detectors 10 4

Detector distance (cm) 6 4
Raster scan step size (mm) 1 0.6
Acquisition time (s/point) 30 40

1 The photon flux value of the synchrotron is due to the use of tantalum (Ta) absorber plates to keep the detector’s
input count rate small enough. 2 The compact source had a Gaussian profile, whereas the synchrotron beam was
square shaped.

To enable 3D reconstruction of the GNP distribution, the tumor sample was scanned
from four orientations: front F , back B , left L , and right R . At each raster scan point,
fluorescence spectra were recorded using silicon drift detectors (XR-100 FAST SDD; Amptek
Inc., Bedford, MA, USA). Each detector featured a 1 mm chip thickness, a collimated active
area of 50 mm2, and a 12.5 µm thick beryllium entrance window.

Complementary high-resolution CT scans were acquired with a preclinical scanner
(SmART+; Precision X-Ray, North Branford, CT, USA) to provide anatomical data for
attenuation correction. Acquisition parameters were: tube voltage 40 kVp, tube current
8 mA, scan duration 1 min, and voxel resolution 0.1 mm.
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2.4. CT-Based Attenuation Correction Algorithm

A numerical algorithm was developed to correct for photon attenuation using the
CT-derived anatomical information. The workflow was as follows:

1. Voxel model: The CT dataset was converted into a 3D voxel model, with each voxel
assigned a Hounsfield Unit (HU).

2. Material mapping: Based on predefined HU ranges, voxels were classified into ma-
terial types (air, paraffin wax, adipose tissue, soft tissue, cortical bone), yielding a
sample-specific 3D material map. Note that tumor tissue is here approximated as
adipose and soft tissue. This assumes the change in the tumor tissue’s elemental
composition and elemental weight fractions during progression until the resection is
negligible. Also, there is no NIST compound catalog entry for this type of tissue.
The HU thresholds were initially derived from literature values (e.g., [38]), which
correlate CT numbers with physical tissue parameters. These values were then
iteratively refined by manual inspection of the CT slices, ensuring accurate anatomical
segmentation of the specific samples. The defined HU ranges are listed in Table 2.

3. Path-dependent attenuation: For each scan point and detector, attenuation of both
the incident beam and the outgoing fluorescence photons was computed using the
Beer–Lambert law [39]:

T =
N
N0

= exp
(
−
(

µ

ρ

) ∫
ρ dx

)
, (1)

where µ/ρ denotes the energy- and material-specific mass attenuation coefficient,
obtained from the xraylib database [40]. Transmission factors T were calculated
separately along all excitation and emission paths yielding a mean attenuation value
for each scan position and detector.

4. Correction factor: For each scan point, the inverse of the combined transmission factor,
averaged over all potential fluorescence origins and weighted by detector geometry
and efficiency, yielded the final correction factor κ.

Further mathematical details of the attenuation correction are provided in Appendix A.

Table 2. HU-regions used to define the material type in the voxel-model.

HU Range NIST Compound

−1000 to −750 Air, dry (near sea level)
−750 to −350 Paraffin wax
−350 to −100 Adipose tissue (ICRP)
−100 to 250 Tissue, soft (ICRP)
250 to 2000 Bone, cortical (ICRP)

2.5. Data Analysis

To determine the number of detected fluorescence photons at each scan point, the mea-
sured fluorescence spectrum was fitted. A model consisting of multiple Gaussian functions,
one for each characteristic fluorescence line of the elements of interest, was fitted to the data
on top of a composite background function. This background model consisted of a constant
offset and the sum of exponential, polynomial, and sigmoidal terms. The exponential
term accounts for the steep decrease in counts towards higher energies, the polynomial
term provides flexibility for the smooth continuum, and the sigmoidal component models
the low-energy shoulder that arises from detector response and scattered radiation. This
composite approach provided a stable and unbiased fit over the selected 8 to 15 keV range.
The peak widths were constrained to detector resolution values (123 eV FWHM resolution
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at 5.9 keV), while the peak positions were fixed at tabulated fluorescence energies from
the xraylib database. The fitting procedure is described in detail by Körnig et al. [41].
The goodness of fit was evaluated using the reduced chi-squared (χ2) value, which is a
measure of the discrepancy between the observed data and the fitted model [42]. A reduced
χ2-value close to 1 indicates a good fit, suggesting that the model accurately describes
the data.

To ensure accurate quantification and to prevent the misallocation of counts, it is
crucial to include multiple fluorescence peaks for each element of interest and of the
elements present in the setup. This is particularly important for the Au L-fluorescence lines,
which are in close proximity to other fluorescence lines, like tungsten (W) and tantalum (Ta).
The presence of various elements in the sample and experimental setup can be attributed
to several sources. Tungsten fluorescence originates in case of the synchrotron primarily
from upstream components and in case of the compact laboratory system from the X-ray
tube’s anode, while Ta is used in the absorbers plates, which are used to attenuate the
synchrotron beam. The tungsten fluorescence signal is predominantly observed in the
compact laboratory system, whereas it is not apparent in the beamline setup. Strontium
(Sr) is a naturally occurring trace element in bone material [43]. Nickel (Ni) is found
in the detector cover of the silicon drift detectors (SDDs), and rubidium (Rb) and zinc
(Zn) are present as trace elements in the biological tissue [44–46]. To allocate the correct
number of counts to Au, a broader fit range from 8 to 15 keV was found to be optimal.
This includes multiple fluorescence lines from abundant elements within the vicinity of the
Au fluorescence.

The total corrected fluorescence counts were then calculated by multiplying the fitted
counts by the correction factor κ. A representative measured and fitted spectrum, showing
the deconvolution of elemental peaks, is shown in Figure 1.

Figure 1. Typical XFI spectrum (top) during the beamline measurements. The fitted spectrum of
the red marked region is also shown (bottom). The detector was positioned at 150◦ to the excitation
beam. Visible are the fitted peaks of different elements present in the setup, the background function,
and the total fit with a reduced χ2-value of 1.33.

The mass of the element of interest can be determined by

m =
Ncorr · ABeam

N0 · σf
, (2)
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with m being the elemental mass (in g) contained within the irradiated beam volume at
scan position (x, y). N0 is the number of incident photons, ABeam the cross-sectional area
of the beam and σf the fluorescence cross-section (in cm2/g), which is retrieved from the
xraylib database [40]. The correct number of fluorescence photons Ncorr stems from the
number of detected fluorescence photons N multiplied by the correction factor κ.

The statistical uncertainty in m is primarily governed by the counting statistics of N,
propagated through the fitting error. Systematic uncertainties arise from the attenuation
correction factor κ and the fluorescence cross-section σf .

3. Results
For a three-dimensional understanding of the tumor sample, the 3D model of the CT

scan is shown in Figure 2.

Figure 2. Three-dimensional rendering of the tumor sample CT-scan. The HU window is set from
−700 to 1000 HU. Visible are the murine femur bone in the center, the pelvic bone (ilium) on the left
side, and fragments of the fibula and tibia on the right. The kneecap (patella) is also discernible in the
bottom right.

For the liver and spleen samples, the Au signal did not exceed the significance thresh-
old. Therefore, they are precluded from further quantitative evaluation.

3.1. Quantitative Impact of Attenuation Correction

To demonstrate the impact of the attenuation correction, Figure 3 displays an uncor-
rected count map, the corresponding correction factor (κ) map, the resulting corrected
count map, and the mean HU-value map derived from the CT scan. A reconstruction
based on the uncorrected count map yields a total Au mass of 6 µg, whereas attenuation
correction increases the value to 11.3 µg, underscoring the necessity of this procedure for
quantitative accuracy.

Figure 3. The first three maps correspond to the detector at −90◦, which is situated on the right side
in this visualization. The uncorrected count, correction factor, and corrected count maps of Au are
shown. The fourth map shows the mean HU-values of the CT image. Apparent is the enhanced
correction on the left side of the sample, as well as the attenuation “shadow” of the bone.
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3.2. Composite X-Ray Fluorescence and CT Imaging

To visualize the spatial distribution of GNPs, composite images were generated by
superimposing the elemental mass maps obtained from XFI onto summed CT projection
images, which resemble conventional radiographs. The XFI mass maps were smoothed
using Gaussian interpolation, corrected for attenuation, and expressed in units of mass
per pixel. Figure 4 shows the resulting composite images of the Au L-line fluorescence,
representing the GNP distribution in four measurement orientations.

(a) (b)

(c) (d)

Figure 4. Composite Au XFI/CT images of the tumor sample measurements. All pixels with a Au
mass value below 6 ng are fully transparent. Data from panels (a–c) were acquired with the compact
system, (d) during the beamline measurement. Red rectangles show regions of interest with a high
concentration of Au and the corresponding mass within this region. (a) Left orientation with a total
Au mass of 14.5 µg. (b) Right orientation with a total Au mass of 14.7 µg. (c) Back orientation with a
total Au mass of 14.5 µg. (d) Front orientation (mirrored) with a total Au mass of 15.8 µg.

A minor alignment discrepancy is visible between the compact scan in orientation
B (Figure 4c) and the beamline scan (Figure 4d), which is attributed to the different

experimental setups and sample mounting procedures.

3.3. Strontium as an Internal Fiducial Marker

Strontium (Sr) composite images were also generated, as Sr is naturally abundant
in bone tissue. Its colocalization with bone provides an internal fiducial marker that
can aid in the co-registration of CT and XFI datasets, a role typically filled by external
reference objects [47]. To this end, the bone structure was first computationally isolated
from the CT image, and the Sr K-line mass maps from both the compact system and the
beamline setup were overlaid, as shown in Figure 5. The quantified Sr mass was 2.6 µg and
2.4 µg, respectively. The concentration of Sr is highest in the femoral head and pelvic joint,
consistent with regions of elevated bone remodeling due to mechanical load [43,48].
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(a) (b)

Figure 5. Composite Sr XFI/CT images with the isolated bone structure. All pixels with a Sr mass
value below 5 ng are fully transparent. (a) Beamline measurement with a total Sr mass of 2.4 µg.
(b) Compact system measurements with a total Sr mass of 2.6 µg.

3.4. Elemental Correlation Analysis

To further investigate possible inter-element and element–density relationships,
stacked surface plots were created to illustrate the spatial distribution of the mean den-
sity ρ (along the z-axis, see Figure 2) and the relative abundance of six different elements
across the raster scan area (Figure 6). This analysis utilized the combined data from all
four detectors of the compact system measurement.

No significant correlation was observed between W and Au counts, validating the
effectiveness of the spectral fitting routine in distinguishing these elements despite the
partial overlap of their fluorescence lines. A strong positive correlation was found between
Sr counts and the mean density, as expected, since Sr is localized within the dense bone
matrix. A second correlation was observed between W counts and the mean density. As the
W fluorescence originates primarily from upstream components such as apertures and
optics (the W fluorescence of the X-ray tube’s anode is partly filtered out), its intensity
serves as a proxy for X-ray scattering, which scales with the mean density along the beam
path. The nearly constant W signal in sample-free areas is likely due to fluorescence of
the detector itself, scattering from air and fluorescence from shielding materials. Other
abundant elements in the sample (Sr, Au, Rb, Zn, Ni) also correlated with the mean density.
However, the Ni signal exhibited a significantly higher noise level in sample-free regions,
likely caused by fluorescence from the nickel used in the detector housing of the SDDs [49].

These findings confirm that the spectral fitting and attenuation correction reliably
distinguish GNP fluorescence from other sources, providing a solid basis for quantitative
biodistribution analysis.

3.5. GNP Biodistribution Coefficients

The nanoparticle biodistribution coefficients (NBCs), which measure the concentration
of an injected nanoparticle type in biological tissue, were calculated as the percentage of
injected dose per gram of tissue (%ID/g) [50]. This metric is defined as

%ID/g =
mAu

34.7 µg
· 1

mtissue
· 100 %, (3)

where mAu is the quantified Au mass and mtissue is the tissue mass. For liver and spleen,
the Au signal did not exceed the significance threshold, indicating minimal accumula-
tion in these organs after intratumoral injection. They were therefore excluded from
further consideration.
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Figure 6. Stacked surface plots of elemental count distributions of Au, Sr, Ni, Rb, Zn, and W. The data
was acquired with the compact laboratory system. The top layer shows the mean density along the
z-axis through the sample.

The resulting nanoparticle biodistribution coefficients (NBCs) show that the tumor
retained 42.9 %ID, corresponding to a concentration of 26.8 %ID/g. The average recon-
structed gold mass within the tumor was 14.9 µg.

Important to note is that the calculation is based on a single tumor sample, which
precludes statistical analysis. Furthermore, the injected dose was localized, so the NBC
values do not generalize to systemic administration. Despite these caveats, the results
provide an initial quantitative reference point for imaging intratumorally administered
GNPs with XFI.

4. Discussion
This proof-of-principle study demonstrates that a CT-based numerical algorithm pro-

vides a consistent correction for the theoretically expected attenuation from biological
tissue in L-shell XFI, enabling quantitative analysis of GNP distributions in ex vivo sam-
ples. The accuracy of this quantification hinges on several factors, including the precise
segmentation of the CT data into different material types and the accuracy of the mass
attenuation coefficients used in the calculations. Here, the segmentation of CT voxels into
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five material classes (air, paraffin, adipose tissue, soft tissue, bone) reflects the composi-
tion of the paraffin-embedded murine hindleg and is therefore sufficient for this sample
type. However, more heterogeneous or anatomically complex samples would require more
refined segmentation strategies to avoid bias in the attenuation correction. Future work
could include the use of dual-energy CT to improve material differentiation and reduce
uncertainties in the attenuation correction.

One of the most significant findings from the data was the highly inhomogeneous
distribution of GNPs within the tumor sample. The mass reconstructions from all four
measurements (acquired using two different systems) yielded total mass values that were
in close agreement. This highlights the robustness of the algorithm’s correction, since the
sample exhibits varying attenuation depending on its orientation.

The use of endogenous strontium as a fiducial marker for image co-registration proved
highly effective. The strong correspondence between the strontium fluorescence signal and
bony structures in the CT images enabled accurate alignment of both modalities without the
need for implanted markers, which can be invasive or impractical [47,51,52]. Leveraging
naturally occurring elements for registration may therefore broaden the applicability of
multimodal imaging workflows in preclinical research.

These results also fit within broader developments in quantitative nanoparticle imag-
ing. In related work on atlas-based segmentation of PET images in mouse models [15],
it has been demonstrated that the choice of the registration space significantly impacts
radiomics analysis and biodistribution assessment. The current XFI method provides an
orthogonal approach to functional imaging modalities like PET, SPECT, or CT by offering
element-specific information that is particularly valuable for tracking metallic nanoparticles
or molecular tracers such as iodine. Moreover, XFI can simultaneously detect multiple
elements to provide both functional and anatomical information, for instance by visualizing
the endogenous strontium distribution in bone tissue. A recent study shows that metallic
nanoparticles, like palladium-doped systems, can be tracked using integrated workflows
combining XFI, Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and imaging
mass cytometry. In the approach presented in [53], XFI provides non-destructive, element-
specific maps with higher sensitivity than CT, ICP-MS provides absolute quantification,
and mass cytometry gives cellular-scale resolution. Our CT-based attenuation correction
naturally complements such hierarchical workflows by providing anatomically accurate
and quantitatively reliable XFI maps without additional sample preparation.

The ability to directly detect therapeutic nanoparticles without radiolabeling and
without decay-related signal loss is particularly advantageous for long-term biodistribution
studies and aligns with the increasing emphasis on translational theranostic strategies, like
in recent work on theranostic approaches for gastric cancer [14]. Accurate co-registration
using endogenous markers, combined with anatomical attenuation correction, positions
this method as a useful complement to PET/CT and other preclinical modalities, especially
when tracking high-Z agents. As nanoparticle-mediated therapies continue to advance,
robust quantification of their distribution will remain essential for validating targeting
efficiency and informing dosimetry [54–59].

The primary limitations of the technique remain the shallow penetration depth of Au
L-shell fluorescence photons, which restricts its application to smaller samples or superficial
targets and the long scan times (approximately 2.5 h for one beamline measurement and
11.5 h for one measurement with the compact XFI system) required to achieve sufficient
statistics. Furthermore, the compact laboratory XFI system used in this study is still
under development with two prototype demonstrators, but it is not yet available for
routine measurements.
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Advances in detector technology, higher-flux X-ray sources, and data acquisition
strategies, such as fly-scanning techniques, could help to reduce the required measurement
time and enable in vivo application and clinical translation of XFI [30,31,60–62]. Despite
progress in background-reduction algorithms, Compton scatter background continues to
impose a practical limit on XFI, restricting its application to small or superficial samples [63].
However, the high sensitivity, with a (theoretical) detection limit of merely 0.6 µg of Au,
demonstrates its potential for preclinical research, where high sensitivity is often crucial for
detecting small amounts of tracer material.

5. Conclusions
In conclusion, this work has successfully demonstrated the feasibility of using a CT-

based attenuation correction algorithm for quantitative L-shell XFI of gold nanoparticles
in ex vivo tissue samples. The study highlights the importance of accurate attenuation
correction for obtaining reliable quantitative results and reveals the highly inhomoge-
neous distribution of intratumorally injected GNPs. Furthermore, the use of endogenous
strontium as a fiducial marker for image co-registration represents a novel and valuable
approach for multimodal imaging studies. While the technique has limitations in terms of
penetration depth and scan time, its high sensitivity and quantitative capabilities make it
a promising tool for preclinical research, particularly for studies investigating the biodis-
tribution and therapeutic efficacy of high-Z nanoparticles. Future developments should
focus on improving the accuracy of the attenuation correction, reducing the scan time and
extending the applicability of this technique to in vivo imaging. Note that these findings
about the attenuation correction could also be applied to K-shell XFI in cases where the
excitiation energy is sufficient. However, the attenuation correction for the lower energy of
L-shell is more demanding and hence we have chosen this case.
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Abbreviations
The following abbreviations are used in this manuscript:

XFI X-ray fluorescence imaging
GNP Gold nanoparticle
PEG Polyethylene glycol
CT Computed tomography
EPR Enhanced permeability and retention
MRI Magnetic resonance imaging
PET Positron emission tomography
SPECT Single-photon emission computed tomography
Z Atomic number
XFCT X-ray fluorescence computed tomography
PETRA Positron–electron tandem ring accelerator
DESY Deutsches Elektronen-Synchrotron
HU Hounsfield unit
NIST National Institute of Standards and Technology
ICRP International Commission on Radiological Protection
FWHM Full width at half maximum
SDD Silicon drift detector
NBC Nanoparticle biodistribution coefficient
ID Injected dose
ICP-MS Inductively coupled plasma mass spectrometry

Appendix A. Mathematical Formulation of the Attenuation Correction
The sample is represented in a Cartesian coordinate system with a position vector

r = (x, y, z). The incident beam is assumed to propagate along the z-axis, and the detector
is placed at a fixed point rdet. The primary photon energy of the excitation beam is denoted
as E0, while the energy of the fluorescence photons of interest is E f .

At any position r, the sample has a local volumetric mass density ρ(r) in g/cm3.
As a first step, the CT dataset was converted from Hounsfield units (HU) into a three-
dimensional mass density map. This conversion is required because the mass attenuation
coefficients used in the transmission calculations (A1) depend directly on the local mass
density. The calibration curve was derived from a reference measurement of water and air.
An additional reference point was fixed at 2000 HU for bone. A piecewise linear regression
was then done between HU and ρ by fitting air–water and water–bone intervals separately
(for the scope of attenuation correction in this setting a bilinear calibration curve is adequate
and provides sufficiently accurate density values). The densities for air, water, and bone
were set to 0.0012, 1.0, and 1.85 g/cm3, respectively. Densities for all voxels were obtained
by applying this mapping, with voxels segmented as air explicitly fixed to ρair to suppress
noise outside the sample. The linear regression parameters were further refined such that
the integrated density of the reconstructed volume agreed with the known bulk mass of
the sample. This adjustment guaranteed consistency between the voxelized model and the
physical sample.

The resulting density distribution ρ(r) provided the basis for calculating the linear
attenuation coefficient as

µ(r, E) =
(

µ

ρ

)
(r, E) ρ(r), (A1)

with units 1/cm, which quantifies the probability per unit path length that a photon of
energy E is absorbed or scattered. The incoming beam delivers N0 photons during the scan
dwell time. Finally, σf (E0) denotes the effective fluorescence production cross-section per
gram of tracer material (cm2/g). This quantity combines the absorption cross-section for
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the relevant atomic shell, the fluorescence yield, and the emission probability of the specific
fluorescence line. The Beer–Lambert law states, that the intensity of a monochromatic
beam decreases exponentially with depth due to absorption and scattering processes. Each
infinitesimal thickness ds attenuates a fraction µ(r, E) ds of the beam. Integration over the
entire path gives

T(L; E) = exp
(
−

∫
L

µ(r, E) ds
)

, (A2)

which is the total transmission T of the beam after traversing path L.
The local incident flux at point r is reduced both by external beam filters, expressed

by a factor Tfilters(E0), and by absorption along the incoming path Lin(r) from the sample
surface to r. It is therefore given by

N(E0, r) = N0 Tfilters(E0) exp
(
−

∫
Lin(r)

µ(r′, E0) ds′
)

. (A3)

At that location, fluorescence photons are generated proportionally to the incident flux,
the tracer density ρAu(r), and the fluorescence cross section. The differential production
rate per path length is

dN f

ds
(r) = σf (E0) N(E0, r) ρAu(r). (A4)

Integrating along the beam path yields the total number of fluorescence photons emitted:

Nemitted
f =

∫
Lin

σf (E0) N(E0, r) ρAu(r) ds. (A5)

Fluorescence photons themselves are attenuated when traveling to the detector. The
survival probability (transmission) from a point r to the detector is

Tout(r; E f ) = exp
(
−

∫
Lout(r)

µ(r′, E f ) ds′
)

. (A6)

Additional multiplicative factors account for attenuation in air, in beryllium windows,
and in the detector itself, as well as geometric collection efficiency. The overall detection
probability is therefore

Pdet(r; E f ) = εgeo(r) Tout(r; E f ) Tair(E f ) TBe(E f ) εint(E f ), (A7)

where the geometric efficiency

εgeo(r) ≈
Adet

4π d(r)2 (A8)

follows from the detector solid angle subtended at r, with Adet the sensitive detector area
and d(r) the source–detector distance. The intrinsic efficiency

εint(E) = 1 − exp
(
−µ

ρ det
(E) ρdet tchip

)
(A9)

is the absorption probability in the detector material, with ρdet and tchip its density
and thickness.

Combining production and detection, the line integral for the detected counts is

N f ,det =
∫
Lin

σf (E0) N(E0, r) ρAu(r) Pdet(r; E f ) ds. (A10)

In practice the sample is discretized into voxels. When the excitation beam and
fluorescence photons traverse the voxelized geometry, the exact intersection lengths of
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the beam and fluorescence photon within each voxel is calculated using a line–voxel
intersection routine. This yields a sequence S of voxels indexed by j, each associated with
its material label, density, and the precise path length ℓj that the beam or fluorescence
photon spends inside that voxel. With these lengths, the path integrals can be expressed as
discrete sums: ∫

L
µ(r, E) ds ≈ ∑

j∈S

(
µ

ρ

)
j
(E) ρj ℓj, (A11)

N f ,det ≈ ∑
j∈S

σf (E0) N(E0, rj) ρAu,j Pdet(rj; E f ) ℓj. (A12)

Here ρj is the mass density of voxel j, ρAu,j the tracer density, and rj the voxel center.
For practical correction, one introduces multiplicative factors. The attenuation factor

κj accounts for incoming and outgoing transmission through sample, air and windows:

1
κj

= Tfilters(E0) Tin,j(E0) Tout,j(E f ) Tair(E f ) TBe(E f ), (A13)

while the efficiency factor ξ j collects geometry and detector absorption:

1
ξ j

= εgeo(rj) εint(E f ). (A14)

With these definitions, the voxel contribution becomes

∆N(j)
f ,det = σf (E0) N0 ρAu,j ℓj ·

1
κj

1
ξ j

. (A15)

Summing over all voxels within the excitation beam, the corrected counts are

Ncorr = ∑
j∈S

κjξ j ∆N(j)
f ,det = σf (E0) N0 ∑

j∈S
ρAu,j ℓj. (A16)

The right-hand expression shows that, after correction, the counts are directly propor-
tional to the sum of the tracer densities in voxels of sequence S . Multiplying by the beam
cross-sectional area Abeam gives the tracer mass in the illuminated column:

mAu =
Ncorr Abeam
σf (E0) N0

. (A17)

Experimentally, the spectrum recorded at the detector is fitted with a model consisting
of a background fB(E; cB) and a sum of Gaussian peaks for the fluorescence lines:

f (E; cB) = fB(E; cB) + ∑
i

∑
j

Ai,j exp

−
(E − Ei,j

f )
2

2 δE2

. (A18)

Here Ai,j is the fitted amplitude for line (i, j) and δE is the detector resolution. The
integrated counts in a peak are

Ni,j
f ,det = Ai,j δE

√
2π. (A19)

These measured values are then corrected with the κ and ξ factors, that are averaged
over the excitation voxels, yielding Ncorr which directly recovers the tracer mass according
to the relation above.



Diseases 2025, 13, 403 16 of 18

References
1. Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global Cancer Statistics 2022: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2024, 74, 229–263. [CrossRef]
2. Dattani, S.; Samborska, V.; Ritchie, H.; Roser, M. Cancer. Our World Data 2024. Available online: https://ourworldindata.org/

cancer (accessed on 3 July 2025).
3. Mura, S.; Couvreur, P. Nanotheranostics for Personalized Medicine. Adv. Drug Deliv. Rev. 2012, 64, 1394–1416. [CrossRef]
4. Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R.R.; Sastry, M. Biocompatibility of Gold Nanoparticles and Their

Endocytotic Fate Inside the Cellular Compartment: A Microscopic Overview. Langmuir 2005, 21, 10644–10654. [CrossRef]
[PubMed]

5. Chen, Y.; Xianyu, Y.; Jiang, X. Surface Modification of Gold Nanoparticles with Small Molecules for Biochemical Analysis.
Accounts Chem. Res. 2017, 50, 310–319. [CrossRef]

6. Huang, X.; El-Sayed, M.A. Gold Nanoparticles: Optical Properties and Implementations in Cancer Diagnosis and Photothermal
Therapy. J. Adv. Res. 2010, 1, 13–28. [CrossRef]

7. Li, W.B.; Stangl, S.; Klapproth, A.; Shevtsov, M.; Hernandez, A.; Kimm, M.A.; Schuemann, J.; Qiu, R.; Michalke, B.; Bernal,
M.A.; et al. Application of High-Z Gold Nanoparticles in Targeted Cancer Radiotherapy—Pharmacokinetic Modeling, Monte
Carlo Simulation and Radiobiological Effect Modeling. Cancers 2021, 13, 5370. [CrossRef]

8. Hainfeld, J.F.; Smilowitz, H.M.; O’Connor, M.J.; Dilmanian, F.A.; Slatkin, D.N. Gold Nanoparticle Imaging and Radiotherapy of
Brain Tumors in Mice. Nanomedicine 2013, 8, 1601–1609. [CrossRef]

9. Maeda, H. The Enhanced Permeability and Retention (EPR) Effect in Tumor Vasculature: The Key Role of Tumor-Selective
Macromolecular Drug Targeting. Adv. Enzym. Regul. 2001, 41, 189–207. [CrossRef] [PubMed]

10. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an Emerging Platform for Cancer Therapy.
Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef] [PubMed]

11. Steichen, S.D.; Caldorera-Moore, M.; Peppas, N.A. A Review of Current Nanoparticle and Targeting Moieties for the Delivery of
Cancer Therapeutics. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2013, 48, 416–427. [CrossRef]

12. Tewabe, A.; Abate, A.; Tamrie, M.; Seyfu, A.; Abdela Siraj, E. Targeted Drug Delivery—From Magic Bullet to Nanomedicine:
Principles, Challenges, and Future Perspectives. J. Multidiscip. Healthc. 2021, 14, 1711–1724. [CrossRef] [PubMed]

13. Huang, X.; Kaneda-Nakashima, K.; Kadonaga, Y.; Kabayama, K.; Shimoyama, A.; Ooe, K.; Kato, H.; Toyoshima, A.; Shinohara,
A.; Haba, H.; et al. Astatine-211-Labeled Gold Nanoparticles for Targeted Alpha-Particle Therapy via Intravenous Injection.
Pharmaceutics 2022, 14, 2705. [CrossRef]

14. Basirinia, G.; Ali, M.; Comelli, A.; Sperandeo, A.; Piana, S.; Alongi, P.; Longo, C.; Di Raimondo, D.; Tuttolomondo, A.; Benfante,
V. Theranostic Approaches for Gastric Cancer: An Overview of In Vitro and In Vivo Investigations. Cancers 2024, 16, 3323.
[CrossRef]

15. Giaccone, P.; Benfante, V.; Stefano, A.; Cammarata, F.P.; Russo, G.; Comelli, A. PET Images Atlas-Based Segmentation Performed
in Native and in Template Space: A Radiomics Repeatability Study in Mouse Models. In Image Analysis and Processing. ICIAP
2022 Workshops; Mazzeo, P.L., Frontoni, E., Sclaroff, S., Distante, C., Eds.; Springer Nature: Cham, Switzerland, 2022; pp. 351–361.
[CrossRef]

16. Bernal, A.; Calcagno, C.; Mulder, W.J.M.; Pérez-Medina, C. Imaging-Guided Nanomedicine Development. Curr. Opin. Chem. Biol.
2021, 63, 78–85. [CrossRef]

17. Galper, M.W.; Saung, M.T.; Fuster, V.; Roessl, E.; Thran, A.; Proksa, R.; Fayad, Z.A.; Cormode, D.P. Effect of Computed
Tomography Scanning Parameters on Gold Nanoparticle and Iodine Contrast. Investig. Radiol. 2012, 47, 475. [CrossRef]

18. Lin, E.; Alessio, A. What Are the Basic Concepts of Temporal, Contrast, and Spatial Resolution in Cardiac CT? J. Cardiovasc.
Comput. Tomogr. 2009, 3, 403–408. [CrossRef]

19. James, M.L.; Gambhir, S.S. A Molecular Imaging Primer: Modalities, Imaging Agents, and Applications. Physiol. Rev. 2012,
92, 897–965. [CrossRef]

20. Estelrich, J.; Sánchez-Martín, M.J.; Busquets, M.A. Nanoparticles in Magnetic Resonance Imaging: From Simple to Dual Contrast
Agents. Int. J. Nanomed. 2015, 10, 1727–1741. [CrossRef] [PubMed]

21. Goel, S.; England, C.G.; Chen, F.; Cai, W. Positron Emission Tomography and Nanotechnology: A Dynamic Duo for Cancer
Theranostics. Adv. Drug Deliv. Rev. 2017, 113, 157–176. [CrossRef] [PubMed]

22. Moses, W.W. Fundamental Limits of Spatial Resolution in PET. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers
Detect. Assoc. Equip. 2011, 648, S236–S240. [CrossRef]

23. Vandenberghe, S.; Moskal, P.; Karp, J.S. State of the Art in Total Body PET. EJNMMI Phys. 2020, 7, 35. [CrossRef] [PubMed]
24. Arms, L.; Smith, D.W.; Flynn, J.; Palmer, W.; Martin, A.; Woldu, A.; Hua, S. Advantages and Limitations of Current Techniques

for Analyzing the Biodistribution of Nanoparticles. Front. Pharmacol. 2018, 9, 802. [CrossRef] [PubMed]
25. Ungerer, A.; Staufer, T.; Schmutzler, O.; Körnig, C.; Rothkamm, K.; Grüner, F. X-Ray-Fluorescence Imaging for In Vivo Detection

of Gold-Nanoparticle-Labeled Immune Cells: A GEANT4 Based Feasibility Study. Cancers 2021, 13, 5759. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21834
https://ourworldindata.org/cancer
https://ourworldindata.org/cancer
http://dx.doi.org/10.1016/j.addr.2012.06.006
http://dx.doi.org/10.1021/la0513712
http://www.ncbi.nlm.nih.gov/pubmed/16262332
http://dx.doi.org/10.1021/acs.accounts.6b00506
http://dx.doi.org/10.1016/j.jare.2010.02.002
http://dx.doi.org/10.3390/cancers13215370
http://dx.doi.org/10.2217/nnm.12.165
http://dx.doi.org/10.1016/S0065-2571(00)00013-3
http://www.ncbi.nlm.nih.gov/pubmed/11384745
http://dx.doi.org/10.1038/nnano.2007.387
http://www.ncbi.nlm.nih.gov/pubmed/18654426
http://dx.doi.org/10.1016/j.ejps.2012.12.006
http://dx.doi.org/10.2147/JMDH.S313968
http://www.ncbi.nlm.nih.gov/pubmed/34267523
http://dx.doi.org/10.3390/pharmaceutics14122705
http://dx.doi.org/10.3390/cancers16193323
http://dx.doi.org/10.1007/978-3-031-13321-3_31
http://dx.doi.org/10.1016/j.cbpa.2021.01.014
http://dx.doi.org/10.1097/RLI.0b013e3182562ab9
http://dx.doi.org/10.1016/j.jcct.2009.07.003
http://dx.doi.org/10.1152/physrev.00049.2010
http://dx.doi.org/10.2147/ijn.s76501
http://www.ncbi.nlm.nih.gov/pubmed/25834422
http://dx.doi.org/10.1016/j.addr.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27521055
http://dx.doi.org/10.1016/j.nima.2010.11.092
http://dx.doi.org/10.1186/s40658-020-00290-2
http://www.ncbi.nlm.nih.gov/pubmed/32451783
http://dx.doi.org/10.3389/fphar.2018.00802
http://www.ncbi.nlm.nih.gov/pubmed/30154715
http://dx.doi.org/10.3390/cancers13225759
http://www.ncbi.nlm.nih.gov/pubmed/34830917


Diseases 2025, 13, 403 17 of 18

26. Grüner, F.; Blumendorf, F.; Schmutzler, O.; Staufer, T.; Bradbury, M.; Wiesner, U.; Rosentreter, T.; Loers, G.; Lutz, D.; Richter, B.; et al.
Localising Functionalised Gold-Nanoparticles in Murine Spinal Cords by X-ray Fluorescence Imaging and Background-Reduction
through Spatial Filtering for Human-Sized Objects. Sci. Rep. 2018, 8, 16561. [CrossRef]

27. Zhang, R.; Li, L.; Sultanbawa, Y.; Xu, Z.P. X-Ray Fluorescence Imaging of Metals and Metalloids in Biological Systems. Am. J.
Nucl. Med. Mol. Imaging 2018, 8, 169–188.

28. Pushie, M.J.; Pickering, I.; Korbas, M.; Hackett, M.J.; George, G.N. Elemental and Chemically Specific X-ray Fluorescence Imaging
of Biological Systems. Chem. Rev. 2014, 114, 8499–8541. [CrossRef]

29. Staufer, T.; Körnig, C.; Liu, B.; Liu, Y.; Lanzloth, C.; Schmutzler, O.; Bedke, T.; Machicote, A.; Parak, W.J.; Feliu, N.; et al. Enabling
X-ray Fluorescence Imaging for in Vivo Immune Cell Tracking. Sci. Rep. 2023, 13, 11505. [CrossRef] [PubMed]

30. Staufer, T.; Grüner, F. Review of Development and Recent Advances in Biomedical X-ray Fluorescence Imaging. Int. J. Mol. Sci.
2023, 24, 10990. [CrossRef]

31. Powers, N.D.; Ghebregziabher, I.; Golovin, G.; Liu, C.; Chen, S.; Banerjee, S.; Zhang, J.; Umstadter, D.P. Quasi-Monoenergetic and
Tunable X-rays from a Laser-Driven Compton Light Source. Nat. Photonics 2014, 8, 28–31. [CrossRef]

32. Manohar, N.; Reynoso, F.J.; Cho, S.H. Experimental Demonstration of Direct L-shell X-ray Fluorescence Imaging of Gold
Nanoparticles Using a Benchtop X-ray Source. Med. Phys. 2013, 40, 080702. [CrossRef]

33. Bazalova-Carter, M.; Ahmad, M.; Xing, L.; Fahrig, R. Experimental Validation of L-shell X-ray Fluorescence Computed
Tomography Imaging: Phantom Study. J. Med. Imaging 2015, 2, 043501. [CrossRef]

34. Bazalova, M.; Ahmad, M.; Pratx, G.; Xing, L. L-Shell X-ray Fluorescence Computed Tomography (XFCT) Imaging of Cisplatin.
Phys. Med. Biol. 2014, 59, 219–232. [CrossRef]

35. Liu, L.; Huang, Y.; Xu, Q.; Yan, L.T.; Li, L.; Feng, S.L.; Feng, X.Q. Attenuation Correction of L-shell X-ray Fluorescence Computed
Tomography Imaging*. Chin. Phys. C 2015, 39, 038203. [CrossRef]

36. Ahmed, M.F.; Yasar, S.; Cho, S.H. Development of an Attenuation Correction Method for Direct X-ray Fluorescence (XRF) Imaging
Utilizing Gold L-shell XRF Photons. Med. Phys. 2018, 45, 5543–5554. [CrossRef]

37. Zhang, S.; Li, L.; Chen, Z. Attenuation Correction for X-Ray Fluorescence Computed Tomography (XFCT) Utilizing Transmission
CT Image. In Proceedings of the 15th International Meeting on Fully Three-Dimensional Image Reconstruction in Radiology and
Nuclear Medicine, Philadelphia, PA, USA, 2–6 June 2019; p. 62. [CrossRef]

38. Schneider, W.; Bortfeld, T.; Schlegel, W. Correlation between CT Numbers and Tissue Parameters Needed for Monte Carlo
Simulations of Clinical Dose Distributions. Phys. Med. Biol. 2000, 45, 459. [CrossRef]

39. Swinehart, D.F. The Beer-Lambert Law. J. Chem. Educ. 1962, 39, 333. [CrossRef]
40. Schoonjans, T.; Brunetti, A.; Golosio, B.; Sanchez del Rio, M.; Solé, V.A.; Ferrero, C.; Vincze, L. The Xraylib Library for X-ray–Matter

Interactions. Recent Developments. Spectrochim. Acta Part B At. Spectrosc. 2011, 66, 776–784. [CrossRef]
41. Körnig, C.; Staufer, T.; Schmutzler, O.; Bedke, T.; Machicote, A.; Liu, B.; Liu, Y.; Gargioni, E.; Feliu, N.; Parak, W.J.; et al. In-Situ

X-ray Fluorescence Imaging of the Endogenous Iodine Distribution in Murine Thyroids. Sci. Rep. 2022, 12, 2903. [CrossRef]
42. Andrae, R.; Schulze-Hartung, T.; Melchior, P. Dos and Don’ts of Reduced Chi-Squared. arXiv 2010, arXiv:1012.3754. [CrossRef]
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