[image: image1]Optical clearing: an alternative sample preparation method for propagation based phase contrast CT

		ORIGINAL RESEARCH
published: 26 August 2024
doi: 10.3389/fphy.2024.1433895


[image: image2]
Optical clearing: an alternative sample preparation method for propagation based phase contrast [image: image]CT
Md Motiur Rahman Sagar1*, Angelika Svetlove1, Lorenzo D’Amico2,3, Diana Pinkert-Leetsch4, Jeannine Missbach-Guentner4, Elena Longo2, Giuliana Tromba2, Hanibal Bohnenberger5, Frauke Alves1,4,6 and Christian Dullin1,2,4,7
1Translational Molecular Imaging, Max-Plank-Institute for Multidisciplinary Sciences, Goettingen, Germany
2Elettra Synchrotron SCpa Trieste, Trieste, Italy
3Department of Physics, University of Trieste, Trieste, Italy
4Institute for Diagnostic and Interventional Radiology, University Medical Center Goettingen, Goettingen, Germany
5Clinical Pathology, University Medical Center Goettingen, Goettingen, Germany
6Clinic for Haematology and Medical Oncology, University Medical Center Goettingen, Goettingen, Germany
7Diagnostic and Interventional Radiology, University Hospital Heidelberg, Heidelberg, Germany
Edited by:
Silvia Capuani, National Research Council (CNR), Italy
Reviewed by:
Naoto Yagi, Japan Synchrotron Radiation Research Institute, Japan
Juergen Goldschmidt, Leibniz Institute for Neurobiology (LG), Germany
* Correspondence: Md Motiur Rahman Sagar, motiur.sagar@mpinat.mpg.de
Received: 16 May 2024
Accepted: 13 August 2024
Published: 26 August 2024
Citation: Sagar MMR, Svetlove A, D’Amico L, Pinkert-Leetsch D, Missbach-Guentner J, Longo E, Tromba G, Bohnenberger H, Alves F and Dullin C (2024) Optical clearing: an alternative sample preparation method for propagation based phase contrast [image: image]CT. Front. Phys. 12:1433895. doi: 10.3389/fphy.2024.1433895

Synchrotron radiation propagation-based phase-contrast micro-computed tomography (SR[image: image]CT) has been used increasingly for detailed characterization of tissue specimens, alternative to classical histology. It allows rapid and non-destructive three-dimensional (3D) virtual histology of unstained specimens. Although many studies show that standard protocols for formalin-fixation and paraffin-embedded (FFPE) tissue specimens are well suited for propagation based phase-contrast imaging (PBI), refinement of sample preparation protocols for this relatively recent development is still in its early stage. There are several limitations using FFPE blocks including air-bubble inclusion, and crack formation, which affect the quality of the micro-CT scans. In this study we demonstrate that optical clearing of colon cancer specimen followed by embedding in Phytagel, as an alternative sample preparation protocol yields comparable PBI micro-CT image quality and mitigates the aforementioned drawbacks of FFPE specimens. Moreover, since single-distance phase retrieval algorithms for PBI image reconstruction expect scanned materials to be either weakly-absorbing or having a fixed ratio between absorption and phase shift, we hypothesize that optical clearing will result in specimens that are well in line with these mathematical assumption of the applied phase retrieval algorithm (homogeneous form of the Transport-of-Intensity equation TIE-HOM). In addition, we show that classical histological analysis is still possible after re-embedding of the specimen in paraffin. Thus, the proposed novel workflow to scan optical cleared specimens using SR[image: image]CT can be used in combination with light sheet microscopy and can be integrated in a classical pipeline for pathological tissue characterization.
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1 INTRODUCTION
Micro computed tomography (micro-CT) has become a well-established method to study fixed tissue specimens in 3D at cellular resolution - an application often called virtual histology [1–3]. Especially, phase contrast computed tomography with its elevated soft-tissue contrast is often utilized for this purpose as it does not require any additional staining of the tissue and performs well in standard formalin fixed and paraffin embedded (FFPE) tissue [4]. In addition, it has been shown that propagation based imaging (PBI) acquisition does not interfere with subsequent histological analysis [3, 5], allows guiding the histological sectioning process to regions of interest [6] and enables the registration of additional follow-up spatially resolved analysis techniques such as classical histology [7] or atomic force microscopy [8]. Moreover, PBI can be used to supplement studies that deal with 3D structural analysis [9–11] of tissue specimens. Due to these facts, PBI based tissue analysis is becoming more prevalent in biomedical research [12–19].
The principle of PBI is to generate images in which the contrast is predominantly related to phase shifts rather than to x-ray attenuation as used in classical CT. To this end, typically, a so-called phase retrieval algorithm is employed prior to 3D reconstruction. Phase retrieval algorithms rely either on the acquisition of data at multiple sample-to-detector distances [20] or in case of single-distance, on rigorous assumptions regarding the optical properties of the studied specimens. Probably, the most popular algorithm for single distance phase retrieval is the homogeneous form of the Transport-of-Intensity equation (TIE-HOM) [21], which assumes that the studied object is weakly absorbing or has a constant ratio between absorption and phase shift - conditions that in multi-tissue specimens are strictly never fulfilled. As a consequence the parameter of the algorithm can be tuned to generate sharp interfaces only for a specific material combination, leaving other interfaces slightly blurred. This effect has been described by Beltran et al. [22] proposing a combination of multiple phase retrieval steps.
In addition, the quality of the obtained PBI scans highly depends on the method and quality of the sample preparation. While FFPE is doubtlessly the most widely used method for preserving tissue and making it available for subsequent analysis, it has several limitations when used in combination with PBI: a) air bubbles within the embedded tissue or on its surface are often unavoidable leading to strong contrast in PBI; b) the typical high x-ray radiation dose can cause progressive crack formation resulting in motion artifacts in the reconstructed data; and c) the granulated paraffin used in the embedding process of FFPE specimens are prone to become brittle when imaged under a strong x-ray exposure which in turn complicates the subsequent sectioning process for histological analysis. Other embedding materials such as agarose or resin are often not suitable alternatives either. Agarose tends to boil especially at the tissue surface while being scanned under strong x-ray radiation, and due to required re-embedding step of specimens into paraffin, follow-up histological analysis becomes more challenging. This problems of air bubble formation and movement has also been seen in Agar by Strotton et al. [23]. Resin withstands strong irradiation but is usually not suitable for routine soft-tissue histology due to long embedding time and more complicated cutting procedures [24].
In this study, we compare PBI based virtual histology of human colon cancer biopsies scanned as FFPE tissue blocks with images obtained of the same samples embedded in Phytagel following optical clearing and scanned in the optical clearing solution benzyl alcohol/benzyl benzoate (BABB). Here we show that the SR[image: image]CT of optically cleared colon samples overcomes the aforementioned limitations of using FFPE samples and has similar if not better image quality in single-distance PBI by generating tissue properties well in line with mathematical assumptions of the phase retrieval algorithm.
2 METHODS
2.1 Ethics
Human colon carcinoma specimens from different patients were obtained from the Department of Pathology, University Medical Center (Göttingen, Germany) where pathological diagnosis was made as part of each patient’s treatment plan. The study was performed according to the guidelines of the local ethics committee of the University Medical Center Göttingen (permission number 24/4/20) and in accordance with the declaration of Helsinki.
2.2 Sample preparation
Human colon carcinoma specimens were formalin fixed (4% PFA for 24 h) and paraffin embedded using the following steps (3 h 60% ethanol, 3 h 75% ethanol, 3 h 96% ethanol, 3 h 100% ethanol, 3 h xylol, transferred and kept in warm paraffin prior embedding). A histology section of 2.5 [image: image]m thickness was obtained and stained with heamatoxylin and eosin (H&E) [25]. The blocks were then scanned at the SYRMEP beamline of the Italian synchrotron [26]. Following the micro-CT scan, specimens were either deparaffinized and split into pieces of approximately 5 × 5 × 3 mm size or cylindrical biopsies were taken using a skin punch biopsy needle (pfm medical, Germany) with a diameter of 6 mm. Both types of samples were then processed in the same way. The samples were deparaffinized using a descending ethanol series (4 h xylol (60°C), 59 h xylol, 2 × 12 h 100% ethanol, 2 × 4 h 96% ethanol, 2 × 4 h 75% ethanol, 4 h 60% ethanol, 4 h 50% ethanol, 4 h H2O), then embedded in 1% (pieces) or 0.7% (punches) Phytagel (MERCK, KGaA, Germany). The embedded specimen was washed in phosphate buffered saline (PBS). The clearing process was performed at room temperature while gently shaking the sample using the following steps: 4 h in 30% ethanol, 4 h in 50% ethanol, 16 h in 70% ethanol, 4 h in 90% ethanol, 4 h in 100% ethanol, and finally in benzyl alcohol/benzyl benzoate (BABB, ratio 1:3) until sufficient transparency was achieved, which typically required at least 5 days. After the clearing process the samples were kept in BABB and scanned again at the SYRMEP beamline. Figure 1 summarizes the different processing steps of the workflow, starting from acquiring histological slices and PBI scans from standard FFPE tissue block followed by optical clearing of deparaffinized tissue, to PBI imaging of the cleared samples and re-embedding of re-paraffinized tissue specimens.
[image: Figure 1]FIGURE 1 | Visualization of the experimental workflow. Standard FFPE tissue blocks of human colon cancer specimens were used and a reference H&E stained histological section prepared. First, a PBI scan was performed and the specimen was either deparaffinized and split into pieces of approximately 5 × 5 mm size, or punch biopsies of 6 mm diameter were obtained followed by a deparaffinization step. The samples were then embedded in Phytagel and optical cleared in BABB followed by a second PBI scan. To demonstrate the compatibility of the clearing protocol with classical histology the optical cleared samples were re-embedded in paraffin blocks and cut in 2 [image: image]m thick sections to obtain comparative H&E stained histological slices.
2.3 Phase contrast microCT imaging and image reconstruction
All samples were scanned at the SYRMEP beamline of the Italian synchrotron Elettra using PBI with a white/pink beam setup. After the acquisition, single-distance phase retrieval (TIE-HOM [21]) was applied prior to 3D reconstruction with a standard filtered back projection algorithm. Parameters used are summarized in Table 1.
TABLE 1 | Acquisition and image reconstruction parameters for the different specimen types.
[image: Table 1]2.4 Parameters used for quantitative image quality assessment
For a comprehensive image quality assessment the following parameters such as contrast, noise and sharpness need to be calculated in parallel. Here we evaluated contrast-to-noise ratio (CNR) between homogeneous tissue regions and the embedding material (paraffin or Phytagel respectively). The CNR is calculated using the following equation:
[image: image]
here, [image: image] and [image: image] denoting the average grey value and the standard deviation of the grey values in a homogeneous regions of tissue and embedding material, respectively. We further calculated full width at half maximum (FWHM) of a differentiated line profile of tissue to embedding media interface to assess the edge sharpness.
2.5 Software
Phase retrieval and reconstruction of the synchrotron data was performed with SYRMEP Tomo Project (STP v1.5.2) [27]. CNR and FWHM were calculated using values extracted from micro-CT data using Fiji [28]. Statistical analysis and display of the result was done with statannot v0.2.3 [29] and seaborn v0.12.2 [30] using a Welch T-test with Bonferroni correction for multiple comparison (**** = p < 1e-4, *** = p < 1e-3, ** = p < 0.01, * = p < 0.05 and ns = not significant).
3 RESULTS AND DISCUSSION
3.1 Visual image quality assessment
In Figure 2, a visual comparison of a specimen imaged in FFPE condition (Figure 2A, magnified regions Figures 2B, C) and after optical clearing (Figure 2D, magnified region Figure 2E) is presented with a corresponding histological slice taken prior PBI imaging (Figure 2F). Five consecutive scans were performed to cover the core part of the FFPE specimen. The scanned region is indicated on the histological image (turquoise rectangle, Figure 2F). Note, that anatomical structures such as mucin rich areas (#), lymphatic tissue (blue arrow head), fat ($), and muscle structures (m) can be identified. The magnified area in Figure 2B highlights the image quality that was achieved in a mucin rich region of the specimen scanned in FFPE condition where artifacts such as air inclusion are visible in Figure 2C (§). One of the optical cleared tissue pieces (indicated in yellow in Figure 2F) of the same specimen is shown in Figure 2D. While a direct comparison of the grey values in 3D rendering of the PBI scans is difficult to achieve, the optical cleared PBI data did not show any artifacts and the tissue structures and contrast appeared to be consistent with the PBI data set of the FFPE specimen as further indicated in the detailed 2D view (Figure 2E). The red arrow heads in Figure 2A and f indicate the deformation that occurred during the histological sectioning process of FFPE blocks, which also caused tissue ruptures, e.g., in areas marked with white asterisks (Figure 2F).
[image: Figure 2]FIGURE 2 | Comparison of PBI image between standard FFPE and BABB optical cleared tissue specimens. PBI scans obtained in FFPE condition (A) before optical clearing where (B) and (C) highlights the magnified regions of (A). (D) PBI scans after BABB optical clearing where (E) shows the magnified region of (D). (F) A-priori performed H&E stained histological section. (#) marks cancer derived mucin, ($) fat tissue, (m) tumor induced fibrotic desmoplasia, (blue arrow head) lymph follicle. While the FFPE scan had some artifacts such as air bubbles (§), note that none of those were found in the scan of the BABB cleared sample. The red arrow head indicates a region in which strong tissue deformation occurred in the histological sectioning process. The (*) marks regions that were ruptured. By visually assessing (B) and (E) the BABB sample data seems to provide comparable contrast and level of details found in the FFPE sample data.
Micro-CT scans of the BABB optical cleared sample showed different tissue structures in details analogous to the FFPE tissue specimen. In addition, the BABB samples were free from apparent artifacts like air inclusions but showed minor shrinkage in the mucin rich regions (yellow arrow head, Figure 2D). The fact that all data were acquired with the same pixel size and obtained image quality appeared to be similar if not better in the BABB specimens, proving that indeed optical clearing is a viable alternative tissue preparation method for PBI setup. Although tissue embedded in other materials such as in agarose gel has been successfully scanned at synchrotron CT setups by different groups [5, 23], typically the large dose deposition bears the risk of melting the agarose gel which results in air bubble formation, especially at the tissue surface. Here using Pythagel instead of agarose gel in combination with optical clearing resulted in vastly transparent tissue specimens, thus the dose deposition was reduced and as a consequence no bubble formation was observed.
3.2 Quantitative image quality assessment
For quantitative image quality analysis, the CNR between tissue and embedding material was calculated. The evaluated noise in a tissue region by measuring standard deviation of the gray values is constrained by the heterogeneity of the tissue structures and therefore overestimated the actual noise. Thus, the calculated CNR values underrepresented the real CNR of the data set. Figure 3A shows an example for a BABB cleared punch specimen. Clearly the complex architecture of the specimen can be resolved nearly at a cellular level. As shown in Figure 3B, a significant increase in CNR from FFPE (1.4[image: image]0.6) to BAAB (6.2[image: image]4.7) and a further increase in the punched BABB specimens (8.9[image: image]0.5) was depicted. The comparison is slightly limited by the fact that single-distance phase retrieval applied to white/pink beam acquisition requires manual adjustment of the [image: image] ratio to the specific sample conditions as well as that the specimens differed in their dimensions. However, increasing the [image: image] ratio will result in an increased CNR (due to the low pass filtering effect of TIE-Hom) but that would in turn reduce the edge sharpness in FWHM. While the chosen [image: image] ratio was higher in case of BABB cleared samples, the measured edge sharpness in FWHM between 3 and 4.2 pixel reveals that the increase in CNR was not attributed to an increasing low pass filtering.
[image: Figure 3]FIGURE 3 | Image quality of BABB cleared colon cancer samples in ideal specimen conditions and quantitative image quality analysis results. (A) Shows a representative slice through a scan of a BABB-punch biopsy sample. Clearly, the tissue architecture can be visualized in great detail. (B) Displays that significantly higher CNRs were obtained in BABB cleared tissue pieces and even higher values in the BABB cleared punched biopsies, while the edge sharpness stayed roughly the same in both conditions, here 3 to 4 pixels (px).
The images of BABB cleared samples show a higher CNR and a comparable edge sharpness to the FFPE tissue. The punched samples with a diameter of 6 mm and precise cylindrical shape are ideal for PBI CT imaging at this resolution of 2 [image: image]m pixel size. In 360°-off-center scan mode using a detector with 2048 × 2048 pixel the maximum lateral field of view (FOV) is slightly below 8 mm (to achieve a meaningful overlap). As a consequence, scanning specimens with a diameter of 6 mm did not create local area scanning artifacts such as in the FFPE tissue blocks or in case of the BABB cleared tissue pieces. Therefore, the obtained increase of CNR and edge sharpness in the BABB-punch samples compared to the BABB cleared tissue pieces are most likely attributed to these geometrical conditions. Clearly, this analysis is limited by the fact that the chosen acquisition parameter had to be optimized for the different sample conditions and are therefore widely different. Nevertheless, it is safe to say that BABB cleared tissue performed at least as good as FFPE tissue in PBI and presents therefore a valid alternative to FFPE tissue preparation.
To further illustrate the differences in the obtained image quality as well as to motivate the choice of the different parameter, Figure 4 shows edge profiles in Figures 4A–4C of a BABB-punch and Figures 4D–4F of a FFPE specimen. The data was reconstructed with [image: image] 100 (a and d), [image: image] 200 (b and e) and without phase retrieval (c and f). The resulting profile plots at the indicated positions are shown in Figures 4G, H (blue = no phase retrieval, black = [image: image] 100, red = [image: image] 200). The BABB-punch specimen (g) shows a well defined edge without phase retrieval and strong phase effects indicated by the negative and positive edge enhancement. [image: image] 100 results in a smooth edge profile but still shows remaining negative and positive edge enhancement. While with [image: image] 200 the profile does not show these effects anymore and was therefore considered to be more adequate. Due to the low pass filtering effect the width of the edge increased from 6 px (black, [image: image] 100) to 8 px (red, [image: image] 200). In case of the FFPE specimen the edge profile without phase retrieval is very noisy and [image: image] 100 already nearly removed negative and positive edge enhancement completely. Here the width of the edge increases from 7 px (black, [image: image] 100) to 8 px (red, [image: image] 200). Thus based on the used parameter and condition the image quality of the BABB-punch specimen is comparable if not even better to the presented established FFPE tissue preparation and scanning protocol.
[image: Figure 4]FIGURE 4 | Comparison of intensity profile at the tissue interface with phytagel and paraffin for BABB punch and FFPE specimen respectively. Considered intensity profile (red line) is illustrated in (A–C) for the BAAB punch and in (D–F) for the FFPE specimen with corresponding zoomed region (bottom rectangle). In both conditions specimens are reconstructed with [image: image] 100 (A, D), 200 (B, E) and without phase retrieval (C, F). (G, H) show the resulted intensity profile plot at the indicated positions for BABB punch and FFPE specimen respectively. Intensity profile without phase retrieval in case of the BABB punch (blue in (G)) specimen clearly shows an edge with strong phase effect. Although [image: image] 100 reduces strong negative and positive edge enhancement effects present in without phase retrieval profile and shows a smooth edge profile (black in (G)), [image: image] 200 removes these effects (red in (G)) and was more adequate for the reconstruction. Unlike BABB punch FFPE specimen resulted a very noisy edge profile without phase retrieval (blue in (H)), however already with [image: image] 100 edge profile (black in (H)) was almost free from negative and positive edge enhancement effects. In both cases the width of the edge shows an increase of 2 px (from 6 px to 8 px) for BABB punch and 1 px (7 px to 8 px) for FFPE specimen due to increase in [image: image] indicates the effect of low pass filtering.
3.3 Compatibility for subsequent histological analysis
Following the imaging session and after removal of the Phytagel, the BABB optical cleared samples were re-embedded into paraffin. Next we validated if classical histology would still be possible to obtain comparable quality to routine paraffin sections. Figure 5 shows approximately the same region of the original H&E stained histological section (Figure 5A) in comparison to the PBI image (Figure 5B) and to H&E stained section of the re-embedded specimen (Figure 5C). A precise registration of the three data sets could not be achieved as changing the condition of the specimen led to small deformations. However, it can be seen in Figure 5C that the overall quality of the H&E staining is not diminished compared to the standard workflow using standard paraffin sections (Figure 5A). Thus, we propose that BABB optical clearing can be an applicable method for sample preparation for PBI alternative to FFPE tissue blocks even if the use of light sheet microscopy (LSM) is not intended, for which the clearing protocol was originally invented. However, the Phytagel embedded BABB cleared specimens cannot directly be cut with a classical microtome. Re-embedding in paraffin is required which led to comparable quality of histological images but may introduce tissue shrinkage and deformation rendering spatial integration of other imaging data as shown by [8] more challenging.
[image: Figure 5]FIGURE 5 | Comparison of H&E stained sections before and after optical clearing. (A) shows a region from the H&E stained histological slice obtained at the beginning of the workflow. (B) shows the PBI imaging result of the corresponding BABB cleared piece. (C) Presents a H&E stained slice after re-paraffinization and re-embedding of the same piece. While the colors are slightly different, no diminished quality of the histological section was found.
3.4 Applicability for other optical clearing methods
In this publication we focused solely on BABB clearing protocol. The contrast for specimen phase contrast CT seems way higher for dehydrated tissue then for fresh tissue or tissue in aqueous solutions as for instance demonstrated by Takeda et al. [31]. The good results with BABB are therefore most likely based on its ethanol content. Thus, it can be assumed that clearing protocols based on aqueous solutions will result in lower contrast in phase contrast CT. However, further tests are required to validate this assumption.
3.5 Summary
Here we present an alternative tissue sample preparation method and compared the image quality of PBI micro-CT scans of standard FFPE embedded with proposed BABB cleared human colon cancer specimens. The usage of the BABB optical clearing protocol yielded in an equivalent CNR and edge sharpness. In addition, typical challenges of FFPE tissue scans such as air inclusions and crack formation did not occur in the BABB specimens. We also show that optical clearing does not obstruct the possibility of subsequent classical histological analysis. Thus, we believe that BABB clearing not only is suitable for LSM but also presents a possible tissue preparation protocol for PBI virtual histology approaches. In addition, deep learning methods where both LSM and micro-CT data are used to train models to predict clinical outcomes [32] by detecting morphological features in the tissue would benefit tremendously from the fact that the same specimens in the same conditions could be used in both methods.
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