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The choice of fixative is critical in X-ray phase-contrast tomography (XPCT) because it affects tissue preservation, contrast enhancement and compatibility with other imaging techniques. A careful selection and optimization of fixatives can lead to significant improvements in the quality and accuracy of imaging results, which is especially important when studying complex biological systems such as those involved in neurodegeneration, where it is crucial to maintain the fine details of the Grey Matter (GM) and White Matter (WM) structures. Dehydration with ethanol and xylene is commonly used as it effectively removes water while minimising structural alterations. Using perfusion in ethanol and dehydration in xylene as a secondary fixative can increase the contrast, thereby improving the visibility of myelinated fibers without using a contrast agent. In this paper we discuss an optimised fixation method to significantly enhance the contrast and boost the signal to noise ratio (SNR) in XPCT images of WM in the central nervous system (CNS).
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1 INTRODUCTION
White matter (WM) and grey matter (GM) are two components of the central nervous system (CNS) with distinct structures and functions. The key difference between WM and GM lies in their composition and function. GM is primarily composed of neuronal cell bodies, dendrites, and unmyelinated axons and it is involved in information processing and regulation of outgoing signals. On the other hand, WM consists mainly of myelinated axons, which form the connections between different areas of the brain and spinal cord, allowing for the transmission of nerve signals [1]. The WM acts as the “wiring” of the brain, enabling various parts of the nervous system to work together effectively. Their integrity is essential for normal neurological function. In particular, damage to the WM can have significant implications for motor skills, sensory perception, and overall brain function [2,3]. The study of WM structure and function in the context of injuries and neurodegenerative diseases is crucial for understanding the underlying mechanisms and developing potential therapeutic strategies. Previous studies have shown that spinal cord injury can lead to widespread chronic changes in cerebral WM, affecting axonal integrity and cortical reorganisation [4,5]. Additionally, traumatic spinal cord injury causes damage to WM [6], leading to progressive degeneration and neuroplastic changes [4]. The degeneration and demyelination of WM are hallmark features of traumatic, ischemic, and neurodegenerative conditions, leading to neurological deficits [7]. Furthermore, WM injury is well documented in various neurodegenerative disorders, such as Alzheimer’s disease [8].
White matter neurodegeneration can be assessed using neuroimaging techniques based on magnetic resonance imaging (MRI), particularly diffusion MRI techniques (such as Diffusion Tensor Imaging, DTI), which have been used to investigate white matter degeneration and disruption of white matter tracts in brain and spinal cord [9–13].
Diffusion MRI is particularly important because it provides detailed insights into tissue microstructure and structural connectivity, which add value to other structural techniques [14].
In particular, Diffusion Tensor Imaging (DTI) offers valuable information into the microstructural characteristics of WM and its relationship to neurological conditions. The GM to WM signal ratio (GWR) has been also proposed as a novel biomarker of neurodegeneration in Alzheimer’s disease [15, 16].
MRI is a completely non-invasive technique in the absence of contrast agents like gadolinium (Gd), providing valuable evidence to assess WM damage and neurodegeneration in vivo. In addition, unlike X-ray imaging, MRI does not involve exposure to ionizing radiation, making it safer for repeated use in human subjects, especially in vivo studies. This characteristic allows for longitudinal studies where the same subjects can be monitored over time without the associated risks of radiation exposure. However, it also has limitations that lie in the quantification of WM changes limited in conventional MRI (T1 and T2 weighted) by the low spatial resolution (order of mm), a variety of biophysical models based on diffusion MRI, and the lack of standardisation in data acquisition and analysis. In addition, in vivo MRI lacks biological interpretation, only provided by histology. Addressing these challenges is crucial for leveraging the full potential of MRI in assessing WM integrity and its relationship with neurological cognitive function. There are several studies on the morphology of WM based on advanced high resolution X-ray imaging techniques such as X-ray phase contrast Tomography (XPCT) using synchrotron radiation. Compared to traditional methods such as myelin staining on histological samples, XPCT offers several advantages such as simple and fast sample preparation and high-contrast resolution of brain structures, including WM fibres. In addition, XPCT represents a significant advancement over conventional computed tomography (CT) in imaging soft tissues, particularly in the brain. Unlike traditional CT, which relies on X-ray attenuation to create images, XPCT utilizes phase shifts of X-rays as they pass through biological tissues. This method enhances the contrast resolution dramatically, allowing for the visualization of soft tissue structures that are typically difficult to discern with standard CT techniques. Notably, XPCT can achieve this improved resolution at radiation doses approximately 400 times lower than those required for conventional CT scans [18]. This capability also facilitates detailed imaging of neuronal and vascular networks within the brain without the need for contrast agents, thus preserving tissue integrity [19]. Moreover, XPCT allows to image a whole-brain of small animal models in 3D, which is extremely valuable for investigating WM injury and neurodegenerative diseases [17–20]. Indeed, XPCT has been successfully used to map WM in injury animal models [6] and to reveal early vascular alterations and neuronal loss in multiple sclerosis models [17–20].
Undoubtedly there is great potential in using XPCT for advancing our understanding of WM in the CNS. However, there are still some challenges to be overcome to harness the full capabilities of XPCT:
1. Depth discrimination: while XPCT provides the benefit of discriminating different depths within the sample, this can also pose a challenge, particularly in the context of studying the complex structures of WM[20].
2. Contrast enhancement: despite the advantages of XPCT, there are inherent limitations in its ability to enhance contrast for certain structures, such as white matter tracts [17]. XPCT may not provide adequate differentiation between WM tracts due to their subtle density differences compared to surrounding tissues. This limitation suggests that while XPCT can enhance overall image quality, it may not be sufficient for detailed visualization of specific neural pathways.
3. Spatial resolution and acquisition time: XPCT enables high-contrast resolution, but achieving it may require long acquisition times (hours to tens of hours) with conventional laboratory sources because it is limited by the x-ray flux of collimated/filtered laboratory sources and the need to acquire projections in several steps to recover phase information, representing a big challenge for the application of XPCT in vivo [18]. Several technical challenges still need to be overcome before obtaining XPCT images in vivo in the laboratory. Several groups worldwide are presently making an effort to translate such multi-contrast x-ray imaging for preclinical/clinical application. Good results are obtained by the group of F. Pfeiffer that obtained phase contrast radiography in vivo with 10 s of exposure time [34].
The aim of this manuscript is to investigate and optimise sample preparation methods to maximise image quality and information content, and how sample preparation methods affect the contrast-to-noise ratio in WM imaging.
2 METHODS
Synchrotron XPCT consists of several experimental steps, all of them play a crucial role for the overall efficiency, image quality, accuracy, and data utility.
The main step for XPCT imaging is the sample preparation. While fresh samples can be imaged, a proper sample fixation is essential to prevent sample modifications and movements during scanning and, more importantly, to preserve it for subsequent investigations.
The data acquisition parameters such as exposure time, X-ray energy, and detector settings are also fundamental for collecting high quality images. The tailoring of the experimental parameters needs to consider the nature of the sample and the desired resolution. Finding the trade-off between spatial resolution and scanning time is essential for avoiding radiation damage.
Finally the last two steps to optimize image quality include:
a) data processing and reconstruction methods using advanced image processing techniques for noise reduction, artefact correction and relevant efficient algorithms such as iterative 3D image reconstruction [30].
b) post-processing procedures like segmentation and data analysis to obtain quantitative information about internal structures. Selecting suitable visualisation techniques like volume rendering and surface rendering assists in comprehending intricate 3D structures.
In the following section, we review different sample preparation techniques and discuss their effect in terms of image contrast. In addition, we present XPCT imaging of a sample perfused in ethanol and one perfused in ethanol and fixed with xylene. We discuss the results in terms of contrast enhancement for structural studies of WM in the CNS of a mouse model.
2.1 Sample preparation methods
XPCT offers high SNR without the need for staining agents. It provides micrometric spatial resolution and isotropic spatial resolution making it ideal for imaging the entire and intact rodent brain and spinal cord.
However, sample preparation for XPCT involves several steps such as sample stabilisation, dehydration, and mounting. A protocol for the preparation of large biological samples for high-resolution, hierarchical, synchrotron phase-contrast tomography with multimodal imaging compatibility has been described in a Nature Protocols article [21]. The protocol is applicable to a range of biological samples, including complete organisms, and aims to enhance contrast and prevent sample motion during scanning. Additionally, a study focused on establishing sample-preparation protocols for XPCT of rodent spinal cords has tested different nervous-tissue fixation procedures for this purpose [22, 23]. These resources provide valuable insights into the specific steps and techniques involved in preparing samples for XPCT. These methods are important for achieving effective and targeted neuroimaging via XPCT, particularly for optimal nervous-tissue structural preservation. The specific fixation method chosen should be tailored to the sample type and the preservation goals of the imaging study.
In particular, to optimise sample preparation for enhancing the signal in XPCT WM imaging in CNS, several key strategies can be employed such as ethanol dehydration which enhances the contrast between myelinated axons and surrounding tissue by modulating the refractive indices [35]. Ethanol fixation is a well-accepted technique in neuroscientific communities and has been used for virtual XPCT histology of various organs, including the brain. Ethanol fixation preserves critical structures, such as cell membranes and organelles, more effectively than formalin, which can lead to alterations in cell morphology. In particular, a graded ethanol series (e.g., 80%, 95%, 100%) can be used to ensure dehydration without causing excessive shrinkage or cracking of the tissue. This protocol also helps to maintain cellular integrity and morphology better than a constant ethanol concentration, even if lower than the maximum achieved in the graded series [35].
2.2 Tissue optimization strategies for multimodal approach
Fixation is critical for preserving tissue morphology and enhancing imaging contrast. Tissue optimization strategies for multimodal approaches such as XPCT and DTI are crucial for enhancing imaging quality and data accuracy. These strategies involve meticulous preparation techniques that preserve tissue integrity and improve imaging outcomes.
Various fixatives, such as paraformaldehyde (PFA), can be used, and the concentration should be optimised based on the specific imaging technique and tissue type. Proper fixation helps maintain cellular architecture and improves the SNR in imaging modalities like DTI [4, 5].
Using a reduced fixative concentration (e.g., 2% paraformaldehyde) can improve the SNR efficiency of fixed tissue. This approach helps in maintaining the tissue’s microstructure and diffusivity, which are pivotal for high-quality MRI diffusion imaging, for example [11, 36].
In addition, sufficient rehydration time (e.g., more than 20 days) can help in reducing the impact of fixative-induced changes on the tissue’s properties. This step is essential for achieving optimal SNR and image quality in MRI [4] and XPCT [23].
By combining these strategies, researchers can optimise sample preparation to enhance the signal in XPCT WM imaging and combine the results with other imaging techniques such as histology or DTI, providing high-quality data for the study of CNS microstructure and the investigation of neurological diseases. We report some preliminary results relative to the comparison between two different sample preparation protocols that underline the fibers in the WM and the vessels.
2.3 Xylene and ethanol sample preparation methods for brain and spinal cord
Two adult male JAXC57BL/6J mice (5–6 weeks old, weight 21–28g, Charles River) are used in the study. The animals were housed in a room (22°C ± 1°C, 50%–60% humidity) with 12 h light/dark cycle and free access to food and water. All animal procedures were approved by the Animal Care and Use Committee of the Provincial Government of Southern Finland and performed according to the guidelines set by the European Community Council Directives 86/609/EEC.
The mice are anaesthetized intraperitoneally with a ketamine (80 mg/kg)/xylazine (10 mg/kg) mixture and perfused transcardially with 0.9% saline solution containing heparin (50 U/ml) for 3 min at 2 ml/min. After that, the mice were perfused with 4% paraformaldehyde (PFA) in 0.1M phosphate buffer saline (PBS) (pH 7.4) for 15 min at 2 mL/min followed by absolute ethanol for 15 min at 2 mL/min. After the perfusion, the brain and spinal cord of each mouse were extracted from the skull and the spine respectively and placed in the incubation solution that consists for the sample “A” absolute ethanol (for further information see the [23] and for sample “B” 4 days in absolute ethanol and then stored in xylene [24, 25].
Before the XPCT measurement the samples were embedded in agar to prevent sample movement during scanning [26].
We perfuse the samples with PFA and ethanol in order to visualise the vascular network and the fibres without contrast agents, because they show a marked increase in the stiffness of the tissue, an effect that effectively avoids the problem of vessel and fiber collapse by increasing the SNR [23].
In this case, the specimens are then placed in absolute (100%) ethanol to increase the speed of the fixation of the external tissue. While for the case of the graded ethanol fixation the samples are perfused with physiological solution, so need a slow process to fix the all tissue without artefacts.
2.4 Brain and spinal cord XPCT measurements and results
XPCT offers high SNR without the need for staining agents, making it ideal for imaging WM fibres in whole and intact rodent brain and spinal cord. However, the method of specimen preparation and fixation is critical to improve the contrast-to-noise ratio of some details in XPCT images. In this framework we compare two different fixation methods for brain and spinal cord to study the effect on image quality of some details such as WM microarchitecture and vascularisation.
The XPCT acquisition of the spinal cord was performed at different XPCT beamlines (Syrmep @Elettra, ID17 @ ESRF, PO5 @PetraIII). Here we report the result obtained at the I13-1 beamline at Diamond Light Source [27]. The sample was illuminated with the X-ray beam from the undulator filtered with 0.95 mm of graphite and 0.5 mm of aluminium foils corresponding to an average X-ray energy of 22 keV.
The detector used for the XPCT acquisition is a PCO4000 CMOS camera (Complementary metal–oxide–semiconductor) coupled to a ×8 objective corresponding to an effective pixel size of 1.125 um, placed 23 cm downstream the sample. The tomography acquisition consisted of 2400 projections acquired over 180°, with an exposure time of 0.02 s for each projection.
The whole brain XPCT experiments were carried out at ID17 beamline at ESRF. The monochromatic incident X-ray energy was 30 keV. The sample was set at a distance of 2.3 m from the camera with a pixel size of 3.01 µm. As the sample was larger than the horizontal field of view of the camera, projections were acquired using the half-acquisition method [28]. The tomography was produced by means of 2000 projections covering a total angle range of 360° and with an acquisition time of 0.3 s per point. The phase retrieval algorithm was applied to the projections of the tomographic scans using the single distance method proposed by Paganin [29] and all projections were processed and reconstructed using SYRMEP Tomo Project (STP) [30]. We thus obtained a set of high-spatial resolution tomographic images, where the different grey-levels show the phase shift induced by the electron density of the different tissues inside the sample. The reconstructed images were analysed by means of ImageJ [37] (ImageJ bundled with 64-bit Java 8), using available and specifically developed plugins such as steerable 3D and skeletonize, together with Matlab (R2022a (MATLAB 9.12)) routine.
In order to discuss the various features detectable in the tomographic slices with several sample preparations, we report in Figures 1, 2 the XPCT reconstructions of the mouse brain and of the spinal cord (of the same sample) treated with ethanol and with xylene respectively (Figures 1A, 2A-C, 1B, 2D-H).
[image: Figure 1]FIGURE 1 | Panel (A, B) show a minimum intensity projection section across 45 μm of mouse midbrain following ethanol and xylene preparation protocols, respectively. The insets indicated by red and blue squares/triangles show a zoomed-in view of the region around the hippocampus including the corpus callosum (cc) and the fibres forming the thalamus nuclei. In panel (A) are well visible the vessels in black, while in panel (B) are well visible in light gray the fibers.
[image: Figure 2]FIGURE 2 | A minimum intensity projection section across 50 μm of spinal cord following ethanol (A–C) and xylene preparation protocols (D–H) respectively. In (A, B) the ventral horn is shown in the axial view. It is observed that in the ethanol preparation, the typical “H” shape of GM is well preserved in contrast, and a different greyscale associated to the phase shift, between WM and GM is noted. While in the sample preparation with xylene there is an enhanced contrast of the border between the GM and the WM. However, the contrast in the GM is too low due probably to the high dehydration that helps to enhance the contrast of the fibers reducing the contrast of the cells in the GM that contain water and lipids. In (C, F) the sagittal view of the spinal cord. (B, E) zoom of the left ventral horn where the vessels and the fibres are segmented respectively. (G, H) segmentation of the ventral white commissure and the nerve fibers in the ventral horn respectively.
We report for each sample the minimum intensity projections across a reconstructed coronal section for the brain in Figure 1 and axial and sagittal cross section for the spinal cord in Figure 2 [31]. A general inspection reveals as Xylene based sample preparation significantly enhances the contrast of the WM by effectively removing water and lipids from the tissue, which leads to a clearer delineation of the protein matrix against the surrounding air. This preparation technique generates a novel contrast without the need for additional staining or embedding procedures. As a result, the contrast between the WM and surrounding tissues is markedly improved, allowing for better visualisation of axon fibres such as in the brain region around the hippocampus including the corpus callosum (cc) and the fibres forming the thalamus nuclei. Specifically, according to the mouse brain Atlas the dorsal fornix (df) and the cingulum bundle (cb) can be identified.
In addition, the anterior or ventral white commissure, a collection of nerve fibres that cross the midline of the spinal cord and transmit information from or to the contralateral side of the brain, is visible [1, 31].
These crossing fibres make the anterior white commissure an important link in communication between the brain and the contralateral side of the body for both sensory and motor pathways.
On the other hand, the ethanol perfusion significantly enhances tissue rigidity, preventing the collapse of vessel walls [23]. This results in high-contrast images that clearly depict the morphology of vascular structures, making ethanol perfusion particularly effective for visualising brain and spinal cord vascularization (see Figures 1A, 2A). The vascular networks that supply blood to the spinal cord become distinctly visible without the need for a contrast agent.
We evaluate the efficiency of different sample preparation methods by calculating the gain, defined as the ratio between the contrast-to-background ratio (CBR) in xylene- and ethanol-perfused samples (for CBR, see. e.g., [38], Supplementary Materials and Supplementary Figure S1) CBR xylene/CBR ethanol. The same component and the same region were considered in both sample preparation for the quantification (see Supplementary Figure S1). We observe a gain of 18,1 in the brain, on the other hand in the spinal cord we estimate a gain of 0.5 probably due to the small cross section of the spinal cord and the important effect of the shrinkage due to the sample preparation. However, there is a contrast increase of the fibers as a consequence of the sample preparation with xylen.
3 DISCUSSION
The perfusion and sample preparation is crucial for imaging techniques, particularly when studying neurodegenerative diseases. The choice of solvents, such as xylene and ethanol, plays a significant role in preserving the structural integrity of biological tissues and enhancing imaging quality. This is particularly important in neurodegenerative research, where subtle changes in tissue structure can provide insights into disease mechanisms. For instance, the use of aldehyde fixatives, followed by dehydration in ethanol, helps to preserve cellular architecture while minimizing artifacts that could obscure important details in imaging [24, 25, 32].
Ethanol is commonly used for dehydration, as it effectively removes water from tissues while maintaining their structural integrity. Xylene, on the other hand, is often employed in the clearing process, making tissues more transparent and suitable for embedding in paraffin. The sequential use of these solvents allows for optimal sample preparation, facilitating high-resolution imaging. For example, one study demonstrated that tissues prepared with 100% ethanol showed different structural characteristics compared to those processed with xylene, highlighting the impact of solvent choice on imaging outcomes [33].
On the other hand, it is important to note that xylene and ethanol perfusion substantially alters the actual dimensions and three-dimensional morphology of cells. Consequently, it may not be suitable for accurately detecting neurons, especially the motor neurons in the spinal cord ventral horn (refer to Figure 2B).
XPCT benefits from well-prepared samples, as it relies on differences in refractive index rather than absorption. This technique can reveal fine details of soft tissues that traditional X-ray methods might miss. By using appropriate sample preparation techniques, researchers can achieve high-resolution images that provide valuable information about the microanatomy of tissues affected by neurodegeneration [10, 22, 23].
In summary, meticulous sample preparation using solvents like xylene and ethanol coupled with a suitable fixative procedure, is vital for effective XPCT. It ensures the preservation of tissue structure, enhances imaging quality, and ultimately contributes to a better understanding of neurodegenerative diseases. Proper protocols can lead to significant advancements in the field by allowing researchers to visualize and analyze complex biological systems in detail.
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