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Kidney microscopy is a mainstay in studying the morphological structure, physiology and pathology of kidney tissues, as histology provides important results for a reliable diagnosis. A microscopy modality providing at same time high-resolution images and a wide field of view could be very useful for analyzing the whole architecture and the functioning of the renal tissue. Recently, Fourier Ptychography (FP) has been proofed to yield images of biology samples such as tissues and in vitro cells while providing high resolution and large field of view, thus making it a unique and attractive opportunity for histopathology. Moreover, FP offers tissue imaging with high contrast assuring visualization of small desirable features, although with a stain-free mode that avoids any chemical process in histopathology. Here we report an experimental measuring campaign for creating the first comprehensive and extensive collection of images of kidney tissues captured by this FP microscope. We show that FP microscopy unlocks a new opportunity for the physicians to observe and judge renal tissue slides through the novel FP quantitative phase-contrast microscopy. Phase-contrast images of kidney tissue are analyzed by comparing them with the corresponding renal images taken under a conventional bright-field microscope both for stained and unstained tissue samples of different thicknesses. In depth discussion on the advantages and limitations of this new stain-free microscopy modality is reported, showing its usefulness over the classical light microscopy and opening a potential route for using FP in clinical practice for histopathology of kidney.
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1 INTRODUCTION
Light microscopy plays an important role in studying kidney tissue and in analyzing the renal complex morphology and functioning, especially in evaluating pathological assumptions. Hence, the improvement of microscopical techniques is an essential point in this process. Electron microscopy (Howell and Herrera Guillermo, 2021), confocal microscopy (Unnersjö-Jess D. et al., 2018), fluorescence microscopy (Shroff, U. N. et al., 2019), immunohistochemistry (Weening and Jennette, 2012), X-ray microscopy (Rick R. et al., 1986), and the recent more sophisticated techniques, such as multiphoton microscopy (Schuh C.D. et al., 2016), expansion microscopy (Chozinski, T.J. et al., 2018), super resolution microscopy (Unnersjö-Jess D. et al., 2016) and cryo-electron microscopy (Su, Q. et al., 2018) add different information to light microscopy, offering distinct sights of the same specimen (Angelotti, M. L. et al. 2021), useful for clinicians to better understand kidney physiology and pathology. However, due to the inherent limitations of any classical optical system, there is still a lack of a microscope capable of providing high-resolution object details over a large field of view. In fact, microscope objectives having limited numerical apertures (NAs) and low magnification allow to image a large area of interest to observe the macroscopic morphology and behavior of biological samples (e.g., cell spreading processes or the entire tissue architectures), but at the cost of low spatial resolution, which results in the loss of the smallest details. Conversely, high spatial resolution is achievable by selecting higher NA objectives, but only over a limited field of view. Sample scanning approaches should be adopted in this case to cover the entire region of interest, which is a time-consuming operation and computationally demanding.
Here we show, for the first time at the best of our knowledge, the use of Fourier Ptychography (FP) (Zheng et al., 2013) for the inspection of kidney tissue slides with optical performance that are superior in respect to the classical light microscopy instruments commonly used in histopathology. Moreover, such FP imaging method has the significant advantage of avoiding any tissue staining, since the optical readout is the phase delay the specimen introduces on the incoming light beam, which serves as a contrast mechanism to visualize transparent samples. FP is recognized as a low-cost quantitative phase method (Popescu, 2011; Ou X. et al., 2013; Park et al., 2018), providing both large field of view and high-resolution images (Zheng et al., 2013). The FP system uses a microscope objective with low NA to attain vast sample areas and multiple angled light-sources (generally a LEDs matrix) that sequentially illuminate the object to reach high-resolution exploiting a synthetic aperture principle. Combining the spectral contribution of each tilted illumination wave, a bigger synthetic NA is generated, and fine details can be recovered. Hence, during the acquisition process, raw images are captured and given as input to phase retrieval algorithms for reconstructing the object complex amplitude (Yeh et al., 2015). Accordingly, amplitude and phase contrast images are made available after an iterative estimation process. Since its first introduction in 2013, FP technology has rapidly grown over the years and different configurations have been proposed for biology studies. Tian et al. studied in vitro cell cultures, observing in time-lapse experiments the growth and the confluence of live cells (Tian et al., 2015); Williams et al. demonstrated how FP can detect tumor cells (Williams Anthoy et al., 2014). Chung et al. showed the feasibility to count white blood cells in the blood smear acquired by FP (Chung et al., 2015); Wakefield et al. analyzed and counted label-free cells from FP images (Wakefield Devin et al., 2022); Horstmeyer et al. used FP for imaging histological specimens to improve digital pathology with FP quantitative information exploiting the scattering properties of tissue samples (Ou X. et al., 2013); Song et al. proved the birefringence of Tilia stem cells using a polarization-sensitive FP microscope (Song et al., 2019). Pirone et al. used FP in the field of mechanobiology, studying the process of cells adhesion onto functionalized micropatterned substrates (Pirone et al., 2022). Newly, FP has been coupled to a deep learning architecture to obtain real-time reconstructions of tissue slides avoiding fine optical alignments of the setup (Bianco et al., 2022), which is an important step toward the widespread use of this technology by non-experts.
Of note, FP has the peculiarity of obtaining phase contrast imaging of unstained biological samples, without adding external stains (e.g., Hematoxylin and Eosin (H&E)). We demonstrate that such phase images given by FP are capable to preserve all the morphological spatial features of the unstained objects thus avoiding any potential disturbing effect of the used contrast agents (Kim et al., 2016; Tsutsumi, 2022).
To show how kidney structures appear in FP phase-contrast images, we probed stained renal tissue slides to let physicians compare light microscopy images with the FP ones. After highlighting the differences between the two modalities, a comparison between FP-unstained and FP-stained images is illustrated to point out the preserved visibility of the inner architectures of unstained kidneys, such as glomeruli, tubules, and vascular sections.
Moreover, we acquired unstained renal tissue slides with different thicknesses to evaluate the limits of FP method in resolving thicker slides. We demonstrate that FP can resolve 10 µm thick renal tissue slides while preserving three-dimensional information, thus overcoming one of the side effects of conventional light microscopy relying on staining processes, which is intrinsically limited in terms of maximum slide thickness.
It is worth to mention that FP systems could be compacted, automatized and applied in clinical practice (Konda P. C. et al., 2020; Bianco et al., 2021; Bianco et al., 2022), allowing unexperienced operators to easily manage and use them as an aid tool for biological samples investigations and histological diagnostics. In the present work, our FP experimental outcomes on kidney tissues pave the way for the possibility of finding innovative features for more accurate and reliable pathological discriminations.
2 RESULTS
An experienced physician selected several regions of interest (ROIs) of kidney tissue slides, relying on conventional microscopic renal tissue images captured by surgical samples of two kidneys and marked with different stains, i.e., H&E, CKpool, AML, FVIIIra, PAS, Blue Tol, and Giemsa (see Section 4.1 for more details). The light microscopy images of stained slides were captured with Philips scanner UFS. The same ROIs have been acquired by a custom FP setup, scanning the renal tissue slides with motorized XY-stages. Once the in-focus corresponding portions were found, FP datasets were collected for our purpose. The thickness of the probed renal tissue slides is 3 μm for the stained renal slides.
In the FP images, the absorption of light changes according to the type of staining applied to the slide, still preserving the details of the inner structures of renal tissues that are normally highlighted by using different stains.
As mentioned above, the readout of the FP system is the optical phase delay introduced by the specimen on the impinging light probe. The FP processing results in a wide field of view, super-resolved image, namely, with 0.5 μm lateral resolution over ∼3.3 mm2 area. One of the main characteristics of FP is the capacity to capture images of unstained slides providing a new type of data exhibiting enough contrast for downstream analysis. Therefore, we imaged unstained kidney slides with different thicknesses through FP. In particular, 3 μm slides were stained with H&E, Ckpool, AML, FVIIIra, PAS, Blue Tol, and Giemsa, while unstained slides of the same paraffin blocks were cut at 3, 10, 20, and 30 μm and after FP acquisition were stained with H&E, re-scanned and examined again.
In Figure 1, an example of the entire field of view of a renal tissue phase map acquired by FP shows the possibility of studying, over a wide renal tissue portion, the morphological structure as a whole and, at the same time, the microscopic details of glomeruli up to the single cell level. We compare the FP image of the H&E-stained slide, Figure 1A, with its Light Microscopy (LM) counterpart, Figure 1B. Zoomed in details, glomerulus and tubules section is shown in the insets of the Figure 1.
[image: Figure 1]FIGURE 1 | H&E-stained renal tissue: (A) Whole renal tissue FP image; the inset (white box) zooms glomerulus captured by FP; (B) whole renal tissue LM image; the inset (black box) zooms glomerulus captured by LM. The scale bar in (A) and (B) is 105 μm, while the scale bar in the respective insets is 25 µm.
In Figure 2, a comparison between the two imaging modalities is illustrated for H&E, AML, Ckpool, and FVIIIra stains. The images are paired according to the used stain, where the RGB LM image is on the left-side, while the FP phase image is reported on the central/right-side. As expected, the stains highlight different areas of the renal tissue, resulting in different local absorption of light and different local optical phase delays that are encoded in the FP maps. The H&E, in Figure 2A, accumulates in cell nuclei that are shown with good contrast in the LM image.
[image: Figure 2]FIGURE 2 | Stained renal tissue slides: Renal tissue portions with 3 µm thickness are stained with various dyes and captured by (left) LM and (center/right) FP. (A) H&E; (B) AML; (C) CKpool; (D) FVIIIra. Scale bars: 105 µm. Red arrows in C indicate the phase jumps. On the right, the zoomed patches of the corresponding yellow boxes have the green scale bar of ∼13 µm.
Besides, a first outcome of the experimental campaign we carried out is the assessment of the nice contrast of the nuclei also in the FP phase image of the H&E-stained slide. The whole renal tissue morphology is clearly inferable while each single nucleus shows local maxima of the phase values, as the corresponding zoomed patch illustrates on the right-side. Conversely, in Figure 2B, the AML stains the smooth muscle fibers, which appears not enough contrasted when imaged in FP modality. Zooming a portion (Figure 2B right), the AML stain coincides with the highest phase values (i.e., white color in the image, which tends towards π value). In Figure 2C, the Ckpool emphasizes renal tubules and Bowman’s capsules, whose values are higher in the FP phase map. However, the strong absorption of the stain provokes phase jumps (Judge and Bryanston-Cross, 1994; Montrésor et al., 2019; Park S. et al., 2021) in the FP map (see the red arrows in Figure 2C, zoomed on the right), which should be corrected by phase unwrapping methods (Hwang W-J et al., 2011).
Finally, in Figure 2D, the FVIIIra dye reaches the vascular endothelium. The corresponding areas result in higher phase contrast in the FP maps, detailed in the zoom on the right-side. In Figure 3, the comparison between the two imaging modalities for PAS, Blue Tol and Giemsa stains is illustrated. PAS stain, Figure 3A, marks carbohydrate macromolecules in the connective tissue, mucus, etc., resulting in higher phase values in correspondence to the edges of the tissue structures in the FP images. The effect of PAS stain is zoomed on the right-side, where its accumulation points generate phase jumps. Blue Tol, Figure 3B, accumulates in nucleic acids generally to identify mast cells and cartilage, but FP image does not show the effect of the stain in a particular phase intensity variation. Instead, GIEMSA stains microorganisms present in tissues, especially the cores in blue and the cytoplasm in pink (Figure 3C). The blue cores are brighter in the FP counterpart, Figure 3C central/right-side, thus highlighting the effect of the GIEMSA staining.
[image: Figure 3]FIGURE 3 | Stained renal tissue slides: Renal tissue portions with 3 µm thickness are stained with various blue dyes and captured by (left) LM and (center/right) FP. (A) PAS; (B) BLUE TOL; (C) GIEMSA. Scale bars: 105 µm. On the right, the zoomed patches of the corresponding yellow boxes have the green scale bar of ∼13 µm.
In order to compare the same section of tissue before and after applying the staining process, we captured FP images of a 3 μm thick unstained renal tissue slide, then we performed H&E staining and made LM and FP acquisitions of the same structure. In Figure 4, an example of the same ROI of the H&E-stained renal tissue slide is compared with the unstained one. The selected ROI contains one glomerulus and a vascular section, as the LM gold standard shows (Figure 4B). Noteworthy, the unstained phase contrast image (Figure 4A) highlights the renal tissue components, similarly to its H&E-stained version (Figure 4C). In Figures 4D, E, the zoomed areas corresponding to the yellow boxes in Figures 4A–C are compared to show the contrast enhancement where the H&E stain accumulates. Nevertheless, the high-contrast areas corresponding to the nuclei in the H&E-stained renal tissue slide in Figure 4E are distinguishable as well in the stain-free FP image of Figure 4D.
[image: Figure 4]FIGURE 4 | Unstained and H&E-stained images comparison: (A) Unstained renal tissue portion captured by FP; (B) H&E-stained renal tissue portion captured by LM as gold standard; (C) H&E-stained renal tissue portion captured by FP. The scale bar is ∼50 μm; (D) zoomed area of the unstained renal tissue of the yellow box in (A–E) zoomed area of the H&E-stained renal tissue of the yellow box in (C). The green bar is ∼17.5 µm.
Noteworthy, although both images in Figures 2, 4B, C correspond to H&E-stained tissue of the same sample, they were obtained from two different sections (stained with H&E at different times). This visual diversity highlights the well-known drawbacks related with H&E-staining process such as the lack of reproducibility and the color variations. Concerning the former, the missing reproducibility is linked with the possible H&E staining inconsistency, with results varying between different laboratories, staining technicians and even between samples within a laboratory. Concerning color variations, H&E staining can produce different shades of color intensity and hue, which can lead to variations in interpretation of results. To mitigate these effects, solutions such as the use of standard operating procedures for staining and stain normalization were proposed by researchers, as variations in the concentration of the solutions can impact the final coloration and affect results (Azevedo Tosta TA et al., 2019; Chlipala E. A. et al., 2021). In our study, the staining procedure was implemented following the same pre-analytical procedure. However, drawbacks related to color variations are intrinsic to the process. In further studies performed, for example, on quantitative data arising from the investigated images (e.g., pathomics) it could be interesting to study the effect of color variations both using normalization approaches or not. Investigations without normalization could be advantageous in terms of generalizability of the approach developed in a clinical context since the dataset investigated could be representative of real-world data acquired in clinical practice.
Results confirm that FP is suitable to image unstained renal tissue slides, allowing to obtain quantitative information without being compromised by stains influence. One possible application could be performing preliminary FP mapping of the slide before applying a stain on it. This type of image would by far outperform in contrast the image obtainable by LM, since any unstained slide typically shows very poor contrast signature and appears almost transparent under LM. Then, the set of morphometric information inferable from the FP phase-contrast map could be used to select better the staining process to apply to the slide for further histological analysis, which could be better tailored to the specificities of the slide under test.
Indeed, in Figure 5 the renal tissue portion shows how the morphology of both glomerulus and vasal sections is represented with tiny high-resolution details in the FP phase images of the 3 µm thick unstained slide (Figure 5A); detailed zooms of the area in A marked with colored boxes are shown in.
[image: Figure 5]FIGURE 5 | Unstained and H&E-stained renal tissue details: (A) Unstained renal tissue captured by FP, 3 µm thick, whose zoomed patches delimited by the purple boxes are respectively: (B) the smooth muscle tissue of a vasal section; and (C) the inner structure of the glomerulus; (D) same H&E-stained glomerulus captured by FP, 3 µm thick; (E) H&E-stained glomerulus captured by LM, 3 µm thick as gold standard; (F) different FP renal tissue slide, 3 µm thick and unstained; (G,H) renal tubule sections, zoomed in. The scale bar in (A,D) is 25 μm, while in (B,C,G,H) is 12 μm; in (F) is 50 µm.
Figures 5B, C. In Figure 5B, the smooth muscle fibers of the vasal section are well-structured, and even the single red blood cells are well visible since they exhibit large phase-contrast. This is important evidence of the possibility of FP to map in one single image mm2-scale tissue areas while scaling down resolution up to the single cell level. The inner structure of the glomerulus is well represented in the zoom of Figures 5C, D shows a H&E-stained FP phase map, where a glomerulus is shown. This slightly differs from the unstained glomerulus of Figure 5A since the cell nuclei are more visible due to the presence of the H&E stain that changes the local light absorption properties of this tissue structure. The reference H&E-LM image is reported in Figure 5E for the sake of comparison. In Figures 5A–F different unstained area, 3 µm thick, is reported. The zooms in details of Figures 5G–H show how the architecture of the tubules sections appears in the FP phase map. Moreover, a 10 μm thick unstained renal tissue slide has been scanned by means of remote-controlled motorized stages to cover an area of 167.6 [image: image], (17.1 × 9.8 mm). The final high-resolution FP image results from the combination of 63 FoVs, which still maintain a resolution of 0.5 μm. A portion of the previous scanned FP phase.
Image, (i.e., the stitching of 16 FoVs out of 63) is available in the repository link. Here we show two glomeruli obtained from this set of measurements. In Figures 6A–C, the FP phase maps show the fine details of glomeruli architecture, which are correctly exhibited with good contrast despite the histological slide was not stained. Comparing the 10 µm thick unstained glomerulus (see, e.g., Figure 6C, D and the 3 µm thick glomerulus of Figures 5A, C greater depth is perceived in the 10 µm glomerulus, highlighting the three-dimensionality in the internal structure. This is clearly apparent from the pseudo-3D plots of both glomeruli, Figures 6B–D, where the colormap indicates the phase levels. In Figure 7, an unstained kidney tissue slide, 10 µm thick, has been reported over the entire FoV that FP setup allows to obtain ( ∼ 3.3 mm2), Figure 7A. Comparing the unstained tissue slide 10 µm thick with the unstained one 3 µm thick in Figure 5, the difference in phase contrast due to the thickness of the sample is noted and the inner structures of glomeruli and tubules sections are still detailed as you can see in Figures 7B, C. The higher the phase values are, the more depth is perceived of the renal tissue without generating artifacts in the phase contrast image. Both in Figure 5C and in Figure 7C, the basal membranes of the glomerulus are visible, which is useful to understand, in future, the pathological states of the basal membranes without using stains.
[image: Figure 6]FIGURE 6 | Unstained glomerulus details: (A) FP phase map of unstained glomerulus, captured by FP, 10 µm thick; (B) Pseudo3D plot of the glomerulus in (A), whose axes represent the real dimensions of the samples; (C) FP phase map of a different unstained glomerulus, captured by FP, 10 µm thick; (D) pseudo3D plot of the glomerulus in (C). The color-bar represents the phase values in radiants, multiplied by a k constant equal to 10 for the sake of better visualization.
[image: Figure 7]FIGURE 7 | Multi-scaled/unstained FP phase image over our FP field of view: (A) FP phase map of unstained renal tissue, captured by FP, 10 µm thick over 3.3 mm2; (B) zoomed glomeruli and tubules sections (yellow box); (C) zoom of glomerulus inner structures (green box). The light blue circles highlight the basal membranes of the glomerulus. The scale bars are respectively: ∼105 ∼58, and ∼10 µm.
Furthermore, we probed thicker renal tissue slides, 20 μm (Figure 8A) and 30 μm (Figure 8B) thick, to evaluate the limits of our FP system. For both images, phase jumps are present. In Figures 8A, B, the phase maps of the thicker renal slides present certain areas with elements that behave as pure phase objects, i.e., for which the thin sample assumption stands; while other areas of the slide, although the thickness is the same, present higher inhomogeneities, which makes the thin sample assumption not valid. In these cases, a different light propagation model and in turn a different FP reconstruction algorithm should be used, e.g., the multi-slice model under the first Born or Rytov approximations (Konda P. C. et al., 2020). For instance, if the light-blue circled areas were unwrapped (Figure 8B right-side), the quantitative information would be maintained. This might not happen in the areas highlighted by red circles, where such models to treat highly inhomogeneous specimens need to be employed to gather the quantitative phase-contrast image. In view of these observations, we conclude that such more complex phase-retrieval approaches have to be used to extend the FP observation of kidney tissue slides thicker than 10 µm.
[image: Figure 8]FIGURE 8 | Thick/unstained FP phase images: (A) FP phase map of unstained renal tissue 20 µm thick. The inset on the right is a zoom of the yellow box; (B) FP phase map of unstained renal tissue 30 µm thick. The inset on the right is a zoom of the yellow box. The light blue circles show tissue elements that behave as pure phase objects, for which the thin object assumption stands, and after phase wrapping can return the optical thickness measure. The red circle is a wrapped phase zone where the phase might be not defined due to light scattering or absorption from the thick tissue. The purple scale bar for the full field of view images is ∼105 μm, while the green one on the zoomed patches is ∼7.5 µm.
In the repository link we reported an unstained FP phase contrast image of renal tissue slide 3 µm thick, the relative H&E stained one, and the LM counterpart, where it is possible to directly prove the high resolution over the wide field of view of the FP images.
3 DISCUSSION AND CONCLUSION
Several microscopic techniques are currently employed for renal analysis (Angelotti et al., 2021), which are complementary to study kidney morphology and physiopathology. Here, we presented for the first time an alternative methodology to investigate renal tissue slides by a quantitative phase-contrast FP microscopy.
The FP images give the possibility to reach a gigapixel space-bandwidth product, overcoming the trade-off between high resolution and wide field of view, in a stain-free manner.
Imaging tissue slides without marking physiological and pathological regions of interest by staining characterizes the FP method with respect to the conventional microscopy techniques, allowing to avoid tissue alteration due to the staining and to carry out quantitative measurements from phase contrast values (Konda P. C. et al., 2020; Wakefield Devin et al., 2022). The staining free modality is helpful specially to image live cells without compromising cellular physiology, behavior and shape with invasive procedures due to dyes application, e.g., phototoxicity (Kasprowicz et al., 2017). The quantitative phase measurements (Cacace et al., 2020) allow extracting the sample optical thickness, which includes both physical thickness and refractive index variation Beuthan et al., 1996, as well the sample size measure and its biovolume (Merola et al. 2018). In case of cellular specimens, the dry mass can be estimated as important parameter of cell growth related to protein information (Barer R., 1952; Wang et al., 2021). Changes in the previous parameters can be physiological and pathological alerts associated with the sample. Moreover, quantitative features from FP images could be extracted to describe and characterize cells and tissues, adding a different kind of information to pathomic studies that could identify new diagnostic and prognostic biomarkers with a view to the context of personalized medicine (Fan et al., 2022). This quantitative information could also be combined with clinical/laboratory information and other omics data such as genomic and radiomic data in order to improve diagnostics and molecular knowledge about diseases (Saltz et al., 2017).
The main objective of this work is to show to physicians how kidney tissue structures appear in FP images, comparing them with the LM counterparts, considered the imaging gold standard in histology. In particular, it is noteworthy to underline the capability of FP phase maps to enhance renal components without using stains, Figures 4–7. Since the unstained FP phase contrast images are quantitative, important features can be measured, which can fully characterize renal tissue properties.
Of course, FP modality has some limitations when coupled to staining processes. For instance, we noticed that depending on the stain used, some slide portions can scatter light provoking phase ambiguities. In fact, looking at Figure 2C, in the zoomed patch of the CKpool-stained phase image (left-side), some phase jumps are visible since phase values are ranged in [-π, π]. This suggests that CKpool staining is not preferable to be coupled to FP analysis. We could stain kidney tissues with different antibodies using a different chromogen like e.g., Texas red in future experiments to evaluate their suitability with FP method. Nevertheless, the phase ambiguities can be resolved by applying unwrapping algorithms (Bioucas-Dias and Valadao, 2007), which can take out-of-range phase values, avoiding such phase jumps.
The optimum FP phase-retrieval method to employ depends on the thickness of the tissue slide and its inhomogeneities. In this work, tissue slides until 10 µm of thickness can be processed using the simpler Alternate Projection algorithm based on the weak scattering assumption. Conversely, thicker tissue slides, such as 20 and 30 µm thick, have shown phase-contrast images affected by phase jumps, Figure 8. For these cases, multi-slice light propagation models should be used to cope with large RI inhomogeneities in the 3D distribution of the slide.
Besides, measuring the morphometric features of 10 µm tissue slides in stain-free mode is a very promising result making FP a broadly exploitable imaging method in tissue histology. Indeed, the use of stains typically limits the maximum thickness of the slides analyzable by LM, as fluorescence emissions from the large tissue volumes makes hard to localize the source of each fluorescent signal in the 2D LM image. In general, very thick stained tissue slides, e.g., 10 μm thick, subject to H&E staining, are not useful for kidney physiology or pathology. Further studies will be devoted to probe tissue slides with thickness ranging between 10 and 20 µm and to use multi-slice light propagation models to extend the applicability of FP analysis of kidney tissues.
A further limit could be the computational burden associated with the FP reconstruction process, which requires to combine the Fourier spectra of multiple acquisitions and to solve an iterative phase retrieval process. However, this problem can be solved by using a deep learning approach, where a pretrained neural network is asked to generate FP reconstructions in real time (Bianco et al., 2022).
We propose FP method to be an alternate imaging tool that can find application in clinical practice due to the low-cost implementation and the possibility to be automatized for inexperienced operators. Additional investigations are necessary to validate FP to other types of tissue slides, both healthy and pathological, as well as to explore the potential of the method for further analysis on FP-based quantitative features that can be used to better characterize tissue samples and performing more reliable and accurate predictions of clinical outcomes. We are ongoing to examine kidney biopsies with different pathologies, such as membranous glomerulonephritis, proliferative glomerulonephritis, tubular lesions to prove the capability of FP to highlight in phase contrast images, retrieved in stain-free modality, the peculiarities of the different pathologies under FP analysis. A future perspective is the possibility, by means of FP, to discriminate healthy and sick renal tissue slides relying on features extraction from FP phase contrast images in combination with pathomic features to strengthen the reliability of the clinical outcome. The FP image analysis is aimed to help physicians in diagnostic evaluation.
4 MATERIALS AND METHODS
4.1 Sample preparation
Healthy tissues of two nephrectomy of benign lesions (oncocytoma and angiomyolipoma) were processed routinely with Logos Milestone microwave processor, cut at different thickness (3, 10, 20 and 30 µm) and 3 µm sections were stained in H&E with Sakura Tisse Tek Prisma Plus and IIC for CKpool; while FVIIIra, and AML were performed using Roche Ventana BenchMark according to
Routine protocols in use in the Lab, stained with DAB. Moreover, other 3 µm sections were stained with Blue Tol and Giemsa. Serial unstained sections of 3, 10, 20 and 30 µm were de-paraffined and mounted with Sakura Tisse Tek Prisma Plus as stained ones. All stained slides were scanned with Philips UFS scanner at real magnification of × 40. One 10 µm and few 3 µm unstained sections after FP methodology were stained with H&E to compare the same images taken from the same slide with the two different techniques.
4.2 Fourier ptychographic microscopy principle
Basically, the conventional microscopy images are realized by choosing either high lateral resolution or large field of views (FoVs). The microscope objectives with large numerical apertures (NAs) ensure high magnification and high resolution, but limiting the imaged FoV, while small magnification and small NAs typically provide wide FoVs while sacrificing the lateral resolution (Rottenfusser, 2013). FP microscopy overcomes this limitation by ensuring both super resolution and wide FoVs exploiting the principle of synthetic numerical aperture (Zheng et al., 2013). The low NA objective lens, used in the FP system, guarantees wide FoVs. In order to enhance the poor resolution allowed by the low NA microscope objective employed, the FP system is designed in order to illuminate the sample from multiple angles in a sequential mode, usually by means of a LED matrix. Multiple low-resolution images are captured accordingly. Then, the FP reconstruction process is devoted to furnish the synthesis of a bigger NA, combining the contribution of each inclined light wave in the Fourier domain and solving a phase-retrieval problem, i.e., the problem of estimating the phase of an object from a set of intensity measures.
Let consider s(r) as the tissue sample notation, displaced on the object plane, and [image: image] as a simple formulation of the complex field generated by the i-th LED of the N dimensional source-matrix, where r refers to the system spatial coordinates ([image: image]), [image: image] is the spatial frequency vector and N is the number of LEDs used for probing. Thus, when light passes through the tissue sample, the transmitted complex sample field can be expressed by:
[image: image]
The spatial frequency vector strictly depends on the angle [image: image] that the i-th illumination wave forms with the optical axis of the FP system, in particular:
[image: image]
where d is the distance between the LEDs matrix and the object plane, Figure 9.
[image: Figure 9]FIGURE 9 | FP setup: Left side: sketch of FP setup; Right-side: raw images acquired according to the LED switched on. The glomerulus bright field after iterative phase retrieval algorithm appears highly resolved in amplitude and phase maps.
Hence, the transmitted complex sample field convolves with the impulsive response [image: image] of the microscope objective before impacting the sensor device (camera). Here, the camera measures the low-resolution (LR) intensity of the tissue sample as follows:
[image: image]
Trivially, the convolution product among [image: image] and [image: image] is the inverse Fourier transform ([image: image]) of a simple product between their Fourier transforms, [image: image] and [image: image] respectively. Noteworthy, [image: image] is the transfer function of the optical system, which depends on the microscope objective NA and the wavelength of the light source.
The central LEDs, due to smaller angles that correspond to the lowest spatial frequencies in the Fourier domain, generate the so-called bright field images, Figure 9; while the external LEDs, with more angled light waves, produce the dark-field images, which contain the tissue sample details since correspond to the highest spatial frequencies. Furthermore, each LED has its own pupil aperture in the Fourier spectrum in the corresponding spatial frequency coordinates, thus filtering only the sample information at those spatial frequencies. Properly stitching the spectral contribution of the captured images, a larger numerical aperture is synthesized as:
[image: image]
The equation addends are [image: image] , i.e., the numerical aperture of the microscope objective lens and [image: image], i.e., the sum of LEDs pupil apertures in the Fourier domain. Eq. 4 clearly shows how the final resolution of the image improves as a result of the sum of illumination NAs to the conventional [image: image] contribution.
The main goal of a quantitative phase imaging technique is to retrieve the phase information from the measurements. Nevertheless, the camera provides the sole intensity image of the object. Therefore, to get the complex object amplitude at high-resolution, phase retrieval algorithms can be applied (Yeh et al., 2015). These algorithms are iterated until convergence, passing from the Fourier domain to the space domain according to fixed constraints (Zheng et al., 2013). After converging, the high-resolution complex object field is available:
[image: image]
where [image: image], i.e., the initial guess, and [image: image], i.e., the nominal spatial frequencies vector, are the constraint variables of the iterative algorithm. Hence, the amplitude, [image: image], and phase, [image: image] of the tissue samples are retrieved.
4.3 FPM experimental setup
Data acquisition has been performed using a custom-built FPM microscope, Figure 9. The angled illumination is provided by a matrix of light sources, where 32 x 32 RGB LEDs are surface-mounted. Each color channel, respectively at wavelengths of 632 nm (red), 532 nm (green) and 472 nm (blue), offers a spatially coherent quasi-monochromatic wave with a bandwidth of ∼20 nm. Kidney tissue samples, in our experiments, are probed with the 177 red LEDs closest to the center, describing a circular shape in a sequential mode. In particular, the LEDs are 4 mm apart. The LEDs illumination process is guided with an Arduino board in combination with Matlab® scripts. Each LED angled wave impacts on the object plane, 4.67 cm away from the LEDs matrix. The tissue sample transmitted wave is collected by a × 4 plan achromatic objective lens (Plan N, 0.1 NA, Olympus) and then, passing through a 400 mm tube lens, arrives on a charge-coupled device (CCD) camera (Photometrics Evolve 512), with 4.54 μm pixel pitch. The low-resolution images, captured by the CCD camera with a 12-bit quantization, are characterized by a × 4.29 samples magnification and a square pixel size of 1460 × 1940.
To process the FPM images, the full FoV is divided into small patches sized 100 × 100, thus consisting of 266 patches. The phase retrieval algorithm is applied to each low-resolution patch, which finally will have a bigger dimension, i.e., 500 × 500 pixels. The high-resolution entire FoV comes out stitching the 266 resulted patches, reaching a size of 7000 × 9500 pixels. Our FPM system provides a resolution of 0.5 µm, on a ∼3 [image: image] FoV area. To remove the raster grid artifact, an overlapping of 40 pixels in the low-resolution image, which corresponds to an overlapping of 200 pixels in the high-resolution reconstructed image has been considered for the used stitching algorithm (Chalfoun, J. et al., 2020).
We ran the FPM algorithm on a machine mounting an Intel i7-4790 CPU running @3.60 GHz and 16 GB RAM. The computational time for a 100 × 100 patch is 7.2 s, iterating the FPM algorithm 60 times. The total number of the stitched patches is 266, employing ∼32 min for one entire slide. If we consider a large overlap between patches for accurately minimizing stitching artifacts, the total time for one slide grows to ∼86 min. In order to reduce the computational time while keeping the overlap between patches and minimizing stitching artifacts, two strategies can be adopted. The former is to use parallel processing approaches in multicore or multimachine implementations. Indeed, FPM reconstruction is a highly parallelizable algorithm and each patch can be processed independently. The latter is to use deep learning architectures, namely, Generative Adversarial Networks (GAN) previously trained to emulate the entire phase-retrieval process (Bianco et al., 2022).
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