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The distribution of boron in biological samples coming from BNCT protocols can be determined by the analysis of autoradiographic images formed by nuclear tracks on polymeric detectors. The tissue section is first explored to delimit regions of interest (ROIs), and then it is removed in order to reveal nuclear tracks through an etching process. A quantitative autoradiographic technique was developed to measure the boron concentration in the sample by counting the nuclear tracks on the detector. However, under certain circumstances, rapid measurements of boron distribution are required. For that purpose, a methodology was developed, allowing a rapid and easy determination of boron concentration and distribution in a tissue section by measuring grey levels in the corresponding high fluence autoradiographic image (HFA). The grey levels are then converted to optical density values which are then correlated with boron concentration values. In order to validate the technique, consecutive sections of several tissue samples were analyzed by the conventional counting method and by HFA. The image analysis and boron concentration estimation can be carried out in under 15 min, and relative differences between zones can be easily determined.
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1 INTRODUCTION
Boron Neutron Capture Therapy (BNCT) is a charged particle radiotherapy to treat cancer, based on the boron neutron capture reaction (BNC): 10B (n,α)7Li (Locher, 1936). The knowledge of the spatial localization of boron atoms is essential, as the BNC products cause a lethal damage in a short path. There are some techniques that provide this information with different levels of resolution, such as Single Photon Emission Computed Tomography for BNCT (BNCT-SPECT) and Nuclear Magnetic Resonance (NMR). Other techniques supporting elemental imaging can also be mentioned: Secondary Ion Mass Spectrometry (SIMS), Laser post-ionization Secondary Neutral Mass Spectrometry (laser-SNMS), Electron Energy Loss Spectroscopy (EELS), and Laser-Induced Breakdown Spectroscopy (LIBS), which are all complementary tools for efficient boron identification in preclinical investigations or clinical translation, but quite sophisticated and hardly accessible (IAEA, 2023).
On the other hand, neutron autoradiography (NA) using Nuclear Track Detectors (NTD) is especially suitable due to its high resolution and low cost. NAs are generated by placing a boron-loaded biological matrix in contact with a polymeric NTD. When this assembly is irradiated with thermal neutrons, the alpha and lithium particles resulting from the BNC reaction may produce a locally damaged region in each point they impact on the NTD. Through a chemical process, the latent damaged zones can be enlarged up to optical level and “tracks” become observable (Fleischer et al., 1975). The position of each nuclear track on the detector surface reproduces the location of a10B atom in the studied tissue section.
In our laboratory, we have established different approaches to neutron autoradiography, such as Quantitative autoradiography (QTA), which allows the conversion of track density measurements (number of nuclear tracks per unit area) into absolute boron concentration values by means of a calibration curve (Espain et al., 2020). On the other hand, there is qualitative autoradiography (QLA), which involves irradiation with a higher neutron fluence and longer etching times than those used for QTA. This allows the observation of the boron microdistribution through differences in grey levels, which are observed as a consequence of the superposition of nuclear tracks (Portu et al., 2013).
Many of the studies we are currently addressing require an increase in the spatial resolution of the technique. By introducing the exposure of the biological sample-detector ensemble to UV-C radiation, we developed a simple method to simultaneously observe images of cultured cells in a polycarbonate (PC) detector and the nuclear tracks produced by the capture reaction in boron atoms inside those cells. The most favorable conditions for cells growing on the surface of the polycarbonate sheets were found, and the best UV exposure and chemical attack requirements were determined (Portu et al., 2015c). Later, this technique was optimized by staining the biological sample before UV C irradiation (Gadan et al., 2019).
When the track density in the NTD is considerably high, quantification of boron concentration becomes troublesome, since counting individual events is difficult due to track overlapping. In these cases, different approaches are applied, such as obtaining boron ratios in combination with a gross boron measurement through alpha spectrometry (Bortolussi et al., 2011) or by profile intensity analysis (Lin et al., 2012). At least for a rough quantification of boron concentration, it would be convenient to develop a method based on the optical collective effect produced by the tracks in the detector. In fact, as the opacity of the detector foil becomes noticeable even to the naked eye after etching, the evaluation of nuclear track density through the measurement of the optical density (OD) is possible. Preliminary experiences using this method (Portu et al., 2011b) justified a deeper analysis based on the OD determination.
Different parameters from which the OD could be defined have been reported, according to the methodology used to quantify the differences in light absorption in images formed in NTD (El Hofy and Elsamman, 1998). In the present method the direct measurement parameter is the so-called grey level (GL). Each pixel in the sample image is associated with an intensity value or GL, between 0 and 255, that symbolizes the visual information. This pixel value requires a certain number of bits to represent the light intensity associated to that spot, being the most usual sizes 8 bits (corresponding to a byte), 16 bits or 32 bits which correspond to 2 and 4 bytes respectively (Gonzalez and Woods, 2007).
In previous work, we have defined that OD can be calculated through Eq. 1 (Vidal et al., 2018)
[image: image]
where GL0 is the grey level measured in a control image where a virgin foil is photographed under the same conditions as the autoradiographies to be studied. Ideally, a sample without boron (0 μg g−1 concentration) would be associated with an GL0 value of 255. In practice, the detector thickness itself generates reflection and refraction of light, which reduces this value (typically GL0: 169) (Vidal et al., 2018).
The present work deals with the evaluation of “High Fluence Autoradiography” (HFA) images. It is intended to determine differences in 10B content from variations in the grey tones of these images. Optimal experimental conditions had to be set up to obtain good quality autoradiographic images, in such a way that different regions of interest in the sample can be associated with grey intensity values. In particular the etching time leading to well contrasted autoradiographic images had to be determined. Besides, the system must be calibrated so that grey level and 10B concentration can be associated. With that purpose a calibration was performed, using boronated aqueous solutions of known concentration (Vidal et al., 2018).
In this work, we present the workflow for rapidly estimating the distribution of boron in tissue by analyzing histological and autoradiographic images obtained using a microscope coupled with an image acquisition system. The main goal was to obtain a preliminary value as a first assessment of boron microdistribution. The proposed methodology was validated following the criteria established by the Guide for Validation of Test Methods (DC-LE-05), of the Argentine Accreditation Organization (OAA1).
2 MATERIALS AND METHODS
2.1 Biological samples
A group of samples was selected to quantify 10B by the HFA method and subsequent sections were chosen to be measured using the QTA method. The samples were:
a) Normal hamster’s liver. Liver tissue is histologically uniform and has a homogeneous boron uptake. For that reason, it was chosen to make comparisons between techniques (Portu et al., 2015a; Portu et al., 2015b). Hamsters were injected intravenously with a BPA-F (boronophenylalanine fructose) dose of 15.5 mg 10B kg −1 body weight (bw) and the samples were excised 3 h later (Monti-Hughes et al., 2015).
b) Hamster cheek pouch oral cancer model. Tumor, premalignant oral mucosa tissue and normal oral mucosa samples were taken. The protocol used to induce tumors consists of the topical application of subthreshold doses of the complete carcinogen DMBA (7,12-dimethylbenz [a]anthracene) in the hamster’s right cheek pouch. This chemical cancerization model allows to study tumors surrounded by premalignant tissue, the dose-limiting tissue due to BNCT induced mucositis (Monti-Hughes et al., 2015). The contralateral pouch is considered as normal tissue. Animals were injected intravenously with GB-10: Na2 [closo-B10H10] (50 mg 10B kg −1 bw) and 3 h later, tumor, premalignant and normal tissue samples were taken in order to analyze the ability of the technique to evaluate samples with a non-uniform spatial distribution of boron. The 10B microdistribution in these samples had been previously determined by the QTA method (e.g., (Portu et al., 2015a)). A group of the samples belong to animals pre-treated with thalidomide (and injected with GB-10), as described in (Molinari et al., 2015).
c) Tumor surrounded by normal skin from an experimental model of ectopic colon cancer. BDIX rats (River Lab., Wilmington, DE, United States of America) were injected subcutaneously in the right hind flank with 1 × 106 DHD/K12/TRb syngeneic colon cancer cells (ECACC, Porton Down, Salisbury, UK) in 100 μL of F-10-DMEM culture medium (GIBCO) (Trivillin et al., 2017). Three weeks post inoculation, BPA was administered intravenously at a dose of 46.5 mg 10B kg −1 bw. A group was pre-treated with joint oral and topical applications of Oligo-Fucoidan (O-Fuco, 200 mg mL−1) 1 day before BPA administration as previously described (Frydryk Benitez et al., 2023). The animals were euthanized 3 h after BPA administration. Samples of tumor surrounded by skin were excised. The ROIs analyzed corresponded to tumor, necrosis and skin.
The samples were submerged in liquid nitrogen right after excision in order to avoid boron migration. All samples came from preclinical protocols of other research groups in BNCT approved by the Ethics Committee of the Argentine National Atomic Energy Commission. No animals were sacrificed specifically for this study.
2.2 High fluence autoradiography
Tissue sections (30–40 μm thickness) were obtained using a cryostat microtome Leica Microsystems CM 1850. Lexan™ Polycarbonate foils (250 μm thickness) were used as nuclear track detectors. Thermal neutron irradiations with a neutron fluence of 1013 n cm−2 were performed at the thermal column central facility of the 8 MW RA-3 nuclear reactor (National Atomic Energy Commission, Argentina) (Miller et al., 2009). The flux was monitored over the whole experiments (Miller et al., 2011) and the configuration assured a uniform neutron fluence at the irradiation position over an area of 9 cm × 13 cm. After irradiation, the tissue sections mounted on Lexan were coloured with haematoxylin-eosin (H&E). The histological and the autoradiographic images were observed and digitalized with an Olympus BX51 light microscope and a CCD camera (Olympus DP70).
Then, the tissue sections were detached from the detector by means of trypsin-EDTA. A chemical process (etching) was performed with PEW solution (90 g H2O, 80 g ethanol, 30 g KOH) at 70°C. Both the KOH solution and the temperature have been largely validated in previous works by intercomparison with other boron determination techniques (e.g., Portu et al. (2011a; 2015b)). The etching time was set at 4 min, after analyzing the evolution of the image contrast with etching time (Portu et al., 2023). The detector was re-positioned on a slide and the autoradiographic images were explored and photographed. Images were captured at low magnification (1.25x), in greyscale and at a resolution of 4,080 × 3,072 (W x H). Exposure times ranged from 1/8,000 s to 1/3,000, with 1/8,000 s being the most suitable one. As the exposure time increases, the camera captures light over a longer period, resulting in brighter images. Conversely, when the exposure time decreases, darker images are obtained. Digital images were stored in the .tiff format to avoid an eventual loss of resolution.
2.3 Methodology for OD measurement and boron concentration determination
An algorithm was developed in MATLAB to analyze the autoradiographic images, calculate the OD in each Region of Interest (ROI), and translate it to boron concentration. The software receives the histological image and its corresponding HFA neutron autoradiography as input, and by delimiting manual ROIs on the histological image, it generates masks that are automatically superimposed on the autoradiographic image. The developed software also offers a tool for aligning the histological and autoradiographic images, explicitly programmed for this purpose.
An average grey level (GLa ± STD) is measured for each ROI, and OD is calculated using Eq 1. A calibration curve for aqueous solutions of enriched boric acid (99%) ranging from 0 to 200 μg g−1 is used to convert OD into boron concentration values (Vidal et al., 2018). Small Lexan Cases (SLCs) were constructed and filled with the borated standards as described in (Portu et al., 2011a). The SLCs were irradiated at the same facility and using an identical configuration as the samples for HFA analysis. The calibration curve to be used must be one acquired using the same exposure time as the samples under analysis.
2.4 Validation
The Guide for Validation of Test Methods (DC-LE-05) of the Argentine Accreditation Organization (OAA), establishes criteria to validate a given test method, depending on its characteristics. This guide establishes a procedure in which it is first necessary to determine the validation parameters and the requirements they have to meet. Then the measurements obtained for the chosen parameters have to be compared to the previously defined requests. Using this guide as a reference, the parameters to validate the proposed methodology were: Specificity, Precision, Linearity, Range, Limit of Detection, Limit of Quantification, Accuracy or Trueness and Uncertainty.
• Specificity: Defined as the ability of a method to assess unequivocally an analyte in the presence of interference, is also called selectivity.
• Precision: proximity (degree of scatter) between the results of independent measurements of the same homogeneous sample, obtained under stipulated conditions.
• Linearity: It is defined as the ability of an analytical method to produce results that are proportional to the concentration of analyte in the sample (within a given range), directly or through a defined mathematical transformation.
• Range: Interval of an analytical procedure within which the validated method can be considered.
• Limit of Detection (LD): It is defined as the true value of the concentration of an analyte in a sample, which can be detected with a probability equal to β of producing a false negative. IUPAC (International Union of Pure and Applied Chemistry) recommends β = 0.05. The Limit of Detection (for α = β) can be calculated as follows:
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where S0 is the standard deviation of the control sample (blank foil in this case) and t1−α,ν is the Student value for probability α and ν degrees of freedom.
• Limit of Quantitation (LQ): the lowest amount of analyte that can be quantified with an acceptable level of uncertainty. It is determined as the concentration of analyte for which the relative standard deviation of the method (RSD%) is 10%. LQ can be calculated as follows:
[image: image]
where S0 is the standard deviation in a blank sample.
• Accuracy: proximity between the average of a large series of results and the value that is accepted either as a conventional true value or an accepted reference value of the measured magnitude. In this case, measurements obtained by HFA methodology were compared with those from a quantitative autoradiographic analysis (QTA) in the same tissue region. The QTA image generation process is identical to that of HFA, with the difference that a lower neutron fluence (1012 n cm−2) and an etching time of 2 min are used. As a result, the number of tracks on the detector is reduced, and it is possible to quantify them individually. Thus, by calculating the track density per unit area and using a calibration curve, it is possible to determine the boron concentration in the tissue (Portu et al., 2011a).
• Uncertainty: Parameter associated with the result of a measurement, which characterizes the dispersion of the values that could reasonably be attributed to the measured magnitude.
3 RESULTS
3.1 Workflow
A working protocol to perform an analysis using high fluence autoradiographic images (HFA) was established (as shown in Figure 1). The process starts with the acquisition of the histological image (imH) of the tissue section to be analyzed, on which the ROIs will be delimited. Then, the sample is processed to generate and acquire the corresponding autoradiographic image (imAR). Both images are loaded into the analysis algorithm and aligned. After that, the ROIs are outlined in the rotated imH and the created masks are applied to the imAR, where the average grey level in each region is calculated. The whole procedure to estimate boron concentration values can be completed in approximately 15 min using this software, and relative differences between zones can be easily determined.
[image: Figure 1]FIGURE 1 | Workflow of the HFA process protocol.
An example of the application is shown in Figure 2, where sections of BDIX’s tumors surrounded by skin were analyzed. Figure 2A shows a histological section from a BDIX rat infused with BPA (ImH), while Figure 2B is the same image with the ROIs masks superimposed, and Figure 2C the autoradiographic images (ImAR). Figures 2D–F is equivalent, but a pretreatment with Oligo-Fucoidan was applied before BPA infusion (see Section 2.1). When comparing qualitatively the autoradiographic images, it is observed that the contrast of gray levels is higher for the BPA protocol. This would imply a more homogeneous uptake when Oligo-Fucoidan is applied beforehand. This observation was confirmed by OD analysis, obtaining a Tumor/Skin ratio of 2.6±0.5 (BPA) vs. 1.9±0.2 (BPA + O-Fuco). These values are consistent with those obtained by ICP-OES measurements (2.1±0.2 and 1.8±0.2, respectively). In order to confirm these findings, more samples should be analyzed.
[image: Figure 2]FIGURE 2 | Application of the established protocol in an experimental model of colon cancer in BDIX rats. Examples of a section coming from BPA (top) and BPA + O-Fuco (bottom) protocols are presented. (A, D) Histological image stained with H&E (imH) (B, E) ROI delimitation: tumor (orange), necrosis (yellow), connective tissue (light blue) and epithelium + dermis (pink). (C, F) corresponding HFA autoradiographic image (imAR).
3.2 Validation of the HFA methodology
3.2.1 Specificity
Since the implemented methodology for the OD calculation implies the use of low-magnification images, the delimitation of small regions may not be sufficiently precise. This makes it challenging to quantify regions with interference from histologically different structures (which would absorb varying quantities of boron) that eventually could not be distinguished. The lack of specificity is particularly relevant in tissue sections where histological structures are diffuse. An example of this limitation is presented in Figure 3, where a histological section of pouch tumor (a) at low magnification (1.25x) and its corresponding autoradiography (b) are shown. The region marked in red is shown at higher magnification (10x) in (c). This image exhibits that the selected region of parenchyma contains stroma. Generally, depending on sample size, microscope positioning, and acquisition conditions, it may be difficult to delimitate the parenchyma ROI independently from the stroma, and the operator’s ability will strongly influence the definition of the regions.
[image: Figure 3]FIGURE 3 | (A) Pouch tumor section stained with H&E (magnification: 1.25x). A ROI delimiting parenchyma containing stroma is marked in red. (B) autoradiographic image of the same section. (C) the ROI delimited in (A) is observed at higher magnification (10x). P: parenchyma; S: stroma.
Ten users were asked to delimit the parenchyma within the ROI highlighted in red in Figure 3A, and two parameters were evaluated: the number of pixels and the calculated OD value in the region. The specificity of the HFA methodology was then assessed based on the variability of these measurements. The same pair of histological and autoradiographic images (Figures 3A, B) was used in all cases. Figure 4A shows the distribution of the number of pixels delimited by each user for the same ROI. The values range from approximately 13000 pixels to 22500 pixels, with a standard deviation of 2,883 pixels, which represents 17% of the mean (16617). The interquartile range (IQR) is 3,894 and the median 16315. From the area distribution standard deviation, a spatial resolution of about 160 μm could be inferred for ROIs of at most 1.5 × 105 μm2.
[image: Figure 4]FIGURE 4 | Selectivity measured as the variability among 10 different users selecting the same ROI. (A) Distribution of ROI areas measured in each case. (B) Distribution of the corresponding calculated OD values. The box plots are drawn from the 25th percentile to the 75th percentile, with a horizontal line that denotes the median. The vertical lines extend to the minimum and maximum values of the distribution.
Since the number of pixels that compose a region is considerably high, it is almost impossible for two different users to perform the exact same delimitation. Thus, the resulting OD calculation would include pixels that do not belong to the histological structure of interest. However, when the impact of these “intrusive pixels” is analyzed (Figure 4B), it is observed that the OD measurement is not significantly affected. The values vary between 2.07 × 10−1 and 2.23 × 10−1, and the distribution has a standard deviation of 5 × 10−3, representing 2% of the mean (2.16 × 10−1). In summary, it can be concluded that the HFA methodology is insensitive to “intrusive pixels” added by the user when the histological region of interest contains a minimum of 16000 pixels.
3.2.2 Precision
A tumor section corresponding to the GB-10 protocol in the hamster oral cancer model was chosen to determine the precision of the methodology. Two ROIs were identified: a parenchyma and a stroma, and images of both ROIs were repeatedly acquired by the same user. Figure 5 shows the distribution of the calculated OD values for each ROI. The deviations of the measurements are similar for both regions, resulting in a higher percentage deviation for parenchyma. The precision for the studied cases ranged between 4% (for stroma) and 12% (for parenchyma).
[image: Figure 5]FIGURE 5 | 10B concentration distributions in two ROIs (parenchyma and stroma) calculated several times on the same hamster’s cheek pouch tumor section. The box plots are drawn from the 25th percentile to the 75th percentile, with a horizontal line that denotes the median. The vertical lines extend to the minimum and maximum values of the distribution.
3.2.3 Linearity
The linearity of this methodology was assessed from SLCs standards of enriched boric acid (Vidal et al., 2018). Figure 6 shows the average OD values of the reference standards captured at different exposure times. In all cases, a linear relationship between optical density and boron concentration is observed. The linear fit coefficients for each exposure time are displayed in Table 1. As expected, the slope increases as the exposure time decreases. This is due to the fact that, for the same boron concentration, a lower exposure leads to a darker image, resulting in a higher OD value. The exposure time of 1/8,000 s resulted in the most suitable one for the set of samples under study because it allows for exploring the entire boron concentration range without saturation, enabling differentiation of similar 10B concentrations.
[image: Figure 6]FIGURE 6 | Average optical density values for HFA autoradiographic images generated from solutions with varying 10B concentrations and captured with different exposure times, and their corresponding linear fit (R2 = 0.99).
TABLE 1 | Parameters of the linear fits shown in Figure 6.
[image: Table 1]3.2.4 Range
The standard samples of enriched boron acid solutions used to perform the calibration lines ranged between 0 and 200 μg g−1 of 10B concentrations (see Figure 6). To determine the boron concentration in biological samples, a correction factor for evaporation (CEv) should be applied, which usually fluctuates between 0.2 and 0.3 (Espector et al., 2023). Therefore, the valid range in tissue is between 0 and 60 μg g−1.
3.2.5 Limit of detection (LD)
To calculate LD, the average OD value of a selected ROI was measured for different images of the same blank (Virgin Lexan) acquired with the same microscope under equal conditions, but at different times. Then, the corresponding 10B concentration value was calculated using the HFA method. The detection limit was calculated by Eq. 2 and the result is LD = 3 μg g−1.
3.2.6 Limit of Quantitation (LQ)
LQ was determined using the same blank foil measurements used to calculate LD. The result obtained for the HFA method using Eq. 3 was LQ = 7 μg g−1.
3.2.7 Accuracy
In order to evaluate the accuracy of the HFA method, various tissue samples were examined using the HFA approach, and consecutive sections were selected for measurement by QTA. A total of 19 samples from the different protocols described in Section 2.1 were analyzed in which 90 ROIs of different tissue structures (normal, premalignant and tumor of different models) were delimited and measured. Figure 7 presents a comparison between HFA and QTA measurements, where each point corresponds to an equivalent ROI for consecutive sections. The line y = x is also plotted, indicating the expected result if both measurements were the same. No CEv factors were applied since the aim was to compare the techniques across the entire range of concentration values. Most of the ROIs (around 70%) show a good agreement between both techniques, with less than 30% of difference. In particular, both measurement methods yielded similar concentration values for the homogeneous hamster liver sections, with relative differences under 20%.
[image: Figure 7]FIGURE 7 | 10B concentration measured with HFA as a function of the values obtained by the QTA method, considered as the accepted reference value. The line y = x is also plotted.
For heterogeneous samples, HFA generally overestimates boron concentration compared with QTA. While most of the values are consistent between both methods, with a median variance of 16%, there are certain ROIs that exhibit differences of up to 100%. Stromal regions of tumor sections of the cheek pouch oral cancer model and skin surrounding tumor of BDIX rats are examples of ROIs that could present disagreement between both techniques. It is important to note that the smaller the areas of the ROIs, the higher the likelihood of finding significant deviations (as previously discussed). It must be noted that these results combine samples coming from different models and that biological variations between consecutive sections are not being considered.
3.2.8 Uncertainty
The concentration values obtained by the HFA method have two sources of uncertainty. Firstly, the error in the interpolation process Δ[10B]* is calculated using Eq. 4 (Skoog et al., 1994).
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where N is the number of points included in the calibration curve (N = 12 considering images between 0 and 200 μg g−1), L is the number of times each sample was analyzed (L = 1 in this case), [image: image] and [image: image] are the average values in the calibration curve, m is the slope of the calibration curve (Table 1) and SOD is a parameter defined by Eq. 5:
[image: image]
On the other hand, given that [10B]* is obtained by interpolation on the linear fit and that it is necessary to correct the final value to consider the evaporation process by multiplying [10B]* by the CEv, the absolute concentration error measured by the HFA method is:
[image: image]
where the estimated uncertainty for the determination of the CEv factor (ΔCEv2) is approximately 5% (Espector et al., 2023).
4 DISCUSSION
The validation of the workflow for determining 10B concentration in tissue sections using high-fluence autoradiographic images acquired at ×1.25 magnification has been completed. Table 2 shows the values obtained for the selected parameters used to characterize methodology. From this it was concluded that the method is valid for ROIs with at least 16000 pixels, with a limit of detection of 3 μg g−1 and a limit of quantification of 7 μg g−1. The accuracy can range between 4% and 13%, with a suitable range of 10B concentration from 0 to 60 μg g−1 and mean uncertainty [6%–32%] with mean value 13%. It is worth mentioning that the obtained parameters depend on the specific characteristics of the equipment used in our laboratory, such as the microscope, lens and CCD camera, as well as the HFA generation conditions like neutron fluence, etching time and exposure time for image acquisition.
TABLE 2 | Parameters defined for the HFA method.
[image: Table 2]After completing the presented analysis, this method can be considered valid for the proposed objective, which was to obtain a rapid result on boron distribution, which can be complemented later by QTA. It should be noted that this methodology offers a good overview of boron distribution and quite representative concentration values that allow a preliminary biological analysis.
In certain cases, a more detailed insight about boron microdistribution would be desirable and could be achieved by analyzing grey level distribution within the ROIs. However, the precision of the results in small structures is limited, as shown in Section 3.2.1. The spatial resolution of the present technique is around 160 μm. The effect in the OD measurement of increasing or decreasing pixels on a specific ROI will vary based on the ROI’s size. Therefore, the required precision and user’s ability to delineate the area of interest in the histological image will determine the spatial resolution. Actually, the technique is limited to the analysis of structures that can be delimited in images acquired at low magnification, where the collective effect of track superposition allows to analyze differences of boron concentration in terms of shades of grey. Indeed, at higher magnification, individual tracks produce a granular texture that impacts the optical effect.
In this study we have pooled a considerable amount of results with the aim to validate the OD analysis and to state the limitations of the technique. This work has led to the creation of a notable set of labeled images, which could be useful considering the increasing interest in applying machine learning techniques for classification and segmentation purposes (e.g., (Viglietti et al., 2023)).
It is worth mentioning that the analysis of the present study did not focus on the biological implications of the microdistribution analysis, but on the comparison and validation between HFA and QTA. Further work will be devoted to reporting the application of this methodology to biological models of interest.
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