MicroCT and contrast-enhanced microCT to study the in vivo degradation behavior and biocompatibility of candidate metallic intravascular stent materials
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Abstract
Biodegradable intravascular stents offer a promising alternative to permanent stents for treating atherosclerosis-related artery narrowing by potentially avoiding long-term complications. Identifying materials that degrade harmlessly and uniformly at a suitable rate is crucial. This study evaluated an advanced novel zinc alloy (Zn-Ag-Cu-Mn-Zr) alongside pure iron and pure zinc, using a simplified stent model of metallic wires implanted in the rat aorta. Assessments were made at 7, 24, and 84 days post-implantation using X-ray microfocus computed tomography (microCT) and contrast-enhanced microCT (CECT). For CECT, a contrast agent was chosen to provide optimal soft tissue contrast and minimal interaction with the wires. This combination of imaging techniques allowed us to evaluate degradation behavior, compare volume loss in various locations (outside the arterial lumen, inside the lumen, and encapsulated by neointima), compute degradation rates, and evaluate neointima tissue formation. Results showed that zinc and its alloy degrade less uniformly than iron, which demonstrates uniform surface degradation. The zinc alloy had a higher initial volume loss than the other materials but showed little increase over time. Neointima formation was similar for zinc and the zinc alloy, while iron provoked less tissue formation than both zinc and the reference cobalt-chromium alloy. Additionally,However, unlike cobalt-chromium and zinc, iron wires did not achieve consistent tissue encapsulation along their entire lengthlacked full-length encapsulation, which may impair their performance. Mild inflammation was noted around zinc-based implants. Combining microCT and CECT provided 3D information on degradation uniformity, degradation products, and neointima morphometrics, highlighting the power of these imaging techniques to evaluate implant materials in a highly accurate way compared to previous 2D methods.
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1. Introduction
Cardiovascular diseases (CVDs) are the leading cause of death worldwide, largely driven by . This high mortality rate is significantly influenced by atherosclerosis, , a major underlying cause of many cardiovascular conditions, characterized by a buildup of plaque in the arterial wall [1]. Angioplasty in combination with stent deployment and implantation is one of the most frequently performed a common interventions to treat atherosclerotic arteries and revascularize occluded vessels [2]. Over the past two decades, biodegradable stents have been explored as an alternative to permanent stents Biodegradable stents have been studied for the last two decades to replace permanent stents. The latter are associated with long-term complications, such as chronic inflammation and late-stage thrombosis, which may lead to neointimal proliferation and in-stent restenosis [2–4]. Metallic biodegradable stents, particularly those made from magnesium (Mg), iron (Fe), and zinc (Zn) alloys, are popular owing to their good mechanical properties, and radiopacity, and biocorrosion behavior, in contrast to polymeric stents. Despite these advantages, the ideal material that balances mechanical strength, degradation rate, and biocompatibility has not yet been foundHowever, the ideal material that meets all the criteria in terms of mechanical properties, degradation behavior and rate, and biocompatibility, has not yet been found [5]. 
Efforts to optimize Mg, Fe, and Zn-based alloys have focused on improving their elemental composition and processing routes to fine-tune their mechanical properties, degradation behavior, and biological response Several iron- (Fe) and zinc- (Zn) based alloys have been developed and tested for their potential application as degradable biomaterials. Fe and its alloys are highly promising stent materials owing to their outstanding mechanical properties and biocompatibility and have undergone extensive in vitro and in vivo studies. The primary focus currently is on enhancing the degradation rate of Fe, which is too low, without compromising the favorable biocompatibility and mechanical properties. This could be achieved by alloying, optimizing the manufacturing process, or adding coatings . In more recent years, Zn has gained attention as a potential material for biodegradable stents . Zn-based alloys demonstrate promising in vivo degradation behavior and biocompatibility. However, there is a need for further optimization of their elemental composition and processing route to enhance their mechanical strength[refs 6]. 
For testing new materials and designs, in vitro experiments are valuable as they simulate the biological environment without requiring animal testing, but they often fail to replicate the full complexity of in vivo conditions, where the interactions between blood, proteins, local and blood borne cells, and the stent with its degradation products, along with the shear stress of blood flow and vasomotion all play an important role in determining stent performance . Additionally, there is a need for improved 3D methods to characterize and evaluate the behavior and performance of these materials both in vitro and in vivo to better understand and predict long-term outcomes and to improve their design.
In vitro experiments that simulate the in vivo environment of biodegradable stents for evaluating their degradation behavior are important. They allow a first selection of materials without requiring the sacrifice of animals or the implementation of complicated and expensive surgeries. However, the complex interactions between blood, proteins, local and blood borne cells, and the stent with its degradation products, along with the shear stress of blood flow and vasomotion all play an important role in the degradation behavior, mechanical strength, and biocompatibility of stents. These conditions can be difficult to replicate in vitro [6]. 
For this reason, in vivo studies remain important for evaluating the true behavior of biodegradable stents. Presently, the in vivo corrosion behavior of Fe, Zn, and theirof these alloys has been studied in different animal models including the mouse, rat, rabbit, dog, and pig [12–14]. Recently different metallic alloys have been tested in a rat abdominal aorta model [2,8,15–18]. The rat model has been shown to be advantageous because requirements for space and care are low compared to other animals (pigs, rabbits, dogs, primates) and it allows for evaluating the degradation behavior, biocompatibility, and systemic toxicity in vivo [6]. A simplified and low-cost in vivo model was introduceddeveloped by Pierson et al. in 2011, which consists of implanting a metallic wire into the lumen of the rat abdominal aorta . The wire penetrates the aorta, advances through the lumen, and penetrates the aorta again, leaving a segment of the wire within the lumen of the artery in contact with the endothelium [17]. This model has been key in evaluating new Zn-based alloys In several follow-up studies, the same group has evaluated the in vivo degradation behavior and biocompatibility of different Zn-based alloys in the rat abdominal aorta [4,8,19–22]. Promising results have been obtained from these studies regarding the development of new Zn alloys.  E
To investigate toxicity, thrombosis, and inflammation of candidate stent materials using in vivo animal models, endpoint classical 2D histological evaluation, histomorphometry, and histopathology techniques are typically employed to investigate toxicity, thrombosis, and inflammation [2,9,11,15,16,23–27]. Scanning electron microscopy (SEM) has beenis used to evaluate the reduction in cross-sectional area to determine the degradation rate and can be combined with energy dispersive spectroscopy and Raman spectroscopy to analyze the composition of the corrosion products [9,15,17,18,25,28]. The degradation rate has also beencan also be assessed through the measurement of the mass loss after removing the tissue surrounding the metallic implant [29,30]. Although these techniques provide useful insights, they are limited by their inability to capture the entire sample in 3D, often assessing only a small region or single slice, which may not be representative of the full stent behavior. Furthermore, sectioning for classical 2D histology is often challenging due to the presence of the metal implant, complicating the use of conventional methods for sectioning soft tissues. 

However, many of the methods used for evaluating the in vivo stent behavior are destructive to the sample and they only allow for evaluating a small region or a single slice, which is generally not representative of the entire sample. Furthermore, sectioning for classical 2D histology is often challenging due to the presence of the metal implant, complicating the use of conventional methods for sectioning soft tissues. One critical approach to overcoming these limitations is through the use of advanced 3D characterization methods. The latter have become essential to gain a deeper understanding and more accurate measurements of the in vivo performance of newly developed materials. The role of more advanced 3D characterization methods becomes essential to gain a deeper understanding and more accurate measurements of the in vivo degradation behavior and biocompatibility performance of newly developed materials. X-ray microfocus computed tomography (microCT) is a non-destructive technique that is advantageous to study the behavior of candidate stent materials because it allows for visualizing the full sample in 3D and at high-resolution.  . In these studies,Previous studies using microCT haves primarily focused on been employed to calculatinge the degradation rate by quantifying the volume loss of metallic explants or to visualizinge the corrosion products, but its applications extend beyond that . 

In a previous studyour earlier work, we have used microCT-based processing tools not only for volume loss measurements to determine the degradation rate, but also to assess degradation behavior by evaluating the surface properties of different materials following in vitro immersion tests [34]. Four different metals were evaluated: a cobalt-chromium (Co-Cr) alloy (biostable reference), pure Fe, pure Zn, and quinary Zn-Ag-Cu-Mn-Zr alloy. The latter is a recently developed advanced zinc alloy with improved mechanical properties, microstructure, and biocompatibility [19].
In the present work, we conducted an in vivo study using the same four metals in the rat abdominal aorta model introduced we evaluated the same four metals in an in vivo degradation study.  The four types of wires were implanted in the rat abdominal aorta following the model introduced by Pierson et al. [17]. After explants were retrieved, they were imaged using microCT to assess degradationRats were sacrificed and after collection explants were imaged with microCT. However, microCT alone only allowed the visualization ofprovides information on the the metallic implant, which is a highly X-ray-attenuating metallic implantaterial. To visualize the soft tissue surrounding the metal, tissue enhancement is necessary either by using the phase shift of the X-ray beam as it propagates through the sample (i.e. phase-contrast microCT or PCT) [35,36] or by diffusing a contrast-enhancing staining agent (CESA) containing high-atomic number elements in the tissue (i.e. contrast-enhanced microCT or CECT) [37,38]. CECT has emerged as a promising 3D imaging technique since, unlike PCT, it does not require specialized synchrotron equipment, which is not always easily available. Explants were stained and imaged with CECT allowed to non-destructively evaluate the metallic implants and the soft tissue simultaneously the degradation rate, the degradation behavior, and the neointimal tissue formation of candidate stent material explants in 3D with a high degree of accuracy compared to previously used 2D techniques.
2. Materials and methods 
2.1 Animals. 40 8-week-old female Wistar rats were purchased from Janvier Labs (Le Genest-Saint-Isle, France) for the animal experiments. Animals were housed in the animal facility for 11 days prior to the start of the experiments. They were fed a standard diet throughout the entire duration of the experiments. Animal procedures and protocols were approved by local authorities (Comité d’éthique facultaire pour l’expérimentation animale, 2021/UCL/MD/071) and performed in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH Publication, revised 2011).
2.2 Implants. The cobalt-chromium alloy (40Co-20Cr-15Fe-15Ni-7Mo-2Mn-C-Be (wt %)) wire of diameter 0.25 mm (ref. CO125140), the high purity iron (Fe 99.99+ wt %) wire of diameter 0.25 mm (ref. FE005141), and the high purity zinc wire (Zn 99.99+ wt %) wire of diameter 0.25 mm (ref. ZN00-WR-000115) were purchased at GoodFellow Corporation (Oakdale, PA, USA). The quinary zinc alloy (Zn-4Ag-0.8Cu-0.6Mn-0.15Zr (wt %)) developed by Dr. Jaroslaw W. Drelich [19] was drawn to 0.25 mm diameter wire by Fort Wayne Metals (Fort Wayne, IN, USA).
2.3 MicroCT acquisition of wires prior to implantation. The different experimental steps are represented in Fig. 1. Wires of ~12 mm in length were cut for the four metal types (40 Co-Cr wires, 20 Fe wires, 40 Zn wires, and 20 Zn alloy wires). MicroCT datasets were acquired for 6 random wires of each metal type with the Phoenix NanoTom M (Waygate Technologies, Baker Hughes Digital Solutions GmbH, Germany) equipped with a 180-kV/15W energy micro/nanofocus X-ray tube. A diamond-coated tungsten target was used for all acquisitions. The acquisition parameters are listed in Table 1 (MicroCT of wires at time point 0). A beam hardening correction (BHC) of 9 was applied. BHC operates on a scale from 0 (no correction applied) to 10 (very strong correction applied). Three different post-processing filters were applied in the reconstruction software: inline median (projections are filtered during reconstruction using a 3x3 median filter which reduces the noise in the volume), ROI-CT filter (increases the resolution of the CT dataset for a selected ROI of the object), and filter volume (volume is filtered in slices after reconstruction using the Unsharp Masking Filter, enhancing object edges). Slices were exported as 16-bit XY slices (.tiff).
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Fig. 1: Experimental workflow for microCT and CECT image acquisition and registration of both types of datasets.
2.4 Wire implantation. After microCT imaging, for each wire, one of the tips was sharpened with pliers to help with later implantation. Each wire was washed in acetone for 2 minutes and rinsed in PBS and then placed in EtOH 70% for a few minutes for sterilization. The Wistar rats were anesthetized with isoflurane in oxygen gas, their lower abdomen was opened, and the aorta was dissected from the vena cava. The aorta was clamped between the renal and the femoral bifurcations. Three wires were implanted per rat to minimize the number of animals needed, complying with the 3R (Replacement, Reduction and Refinement) policy, following the surgical procedure described previously [21] with 3 to 4 mm of the wire inside the lumen and the remaining length of the wire exteriorized from the aorta on both sides (Suppl. Fig. 1). Each rat was implanted either with a Co-Cr, Fe, and Zn wire or a Co-Cr, Zn alloy, and Zn wire. The Co-Cr wire was always implanted closest to the renal bifurcation. The Fe and Zn wires and the Zn alloy and Zn wires were implanted closest to the femoral bifurcation and their order was inversed in half of the rats (Fig. 1, Implantation of wires). Each wire was secured with a suture thread at both extremities to the surrounding connective tissue to prevent dislocation. The lower abdomen was closed with suture thread (muscle) and staples (skin). Each rat was injected with 80 µL of Buprenorfine hydrochloride (Temgesic 0.3 mg/mL) before waking up for pain management. 
After 7, 24, or 84 days, the rats were euthanized using a large concentration of isoflurane in oxygen gas. One rat died for unknown reasons before sample collection could be done. This resulted in 12 arteries collected after 7 days, 12 arteries collected after 24 days, and 15 arteries collected after 84 days. While the heart was still beating, the rats were perfused with phosphate buffered saline (PBS) to remove all the blood from the circulatory system. This was done by injecting PBS through the left ventricle with a needle and collecting blood at the right auricle. The aorta implanted with the three wires was then collected and placed in 4% formaldehyde (FA) at 4°C for 5 hours for fixation. The samples were rinsed in PBS, fast frozen in isopentane at -80°C and placed in the -80°C freezer until further processing. This conservation method was selected based on results from Maes et al. [39]. 
2.5 MicroCT acquisition of explants. Samples were thawed for 5 minutes prior to microCT imaging. Three microCT datasets of each explanted artery (one for each wire) were acquired using the NanoTom M. The acquisition parameters are listed in Table 1 (MicroCT of explants). The distance between the X-ray source and the sample was adjusted according to the length of each individual sample to ensure the entire sample could be captured within the field of view. As a result, the voxel size varies among the samples, but stayed within the range of 3.5-6 µm. All datasets were reconstructed with the Datos|x software. A BHC of 9 was applied. Three different post-processing filters were applied in the reconstruction software: inline median, ROI-CT filter, and filter volume. Slices were exported as 16-bit XY slices (.tiff). After microCT imaging of the explants, samples were again fast frozen in isopentane at-80°C and placed in the -80°C freezer until further processing. The microCT datasets were used to compute the evolution of diameter of the wires over their entire length, their volume loss, and the degradation mode and rate of the wires. This was done to ensure that these measurements were not influenced by any further degradation of the wires that could have occurred during the next processing and imaging steps, which include staining of the samples in a CESA solution and CECT imaging.
2.6 CESA choice and staining time. Four different CESAs were considered for staining the rat aorta explants: Hexabrix (Hexabrix 320, Guerbet, Princeton, New Jersey, USA) (20 V/V % in PBS), 1:2 Hafnium-substituted Wells-Dawson polyoxometalate (Hf-WD POM) (35 mg/mL in PBS) synthesized as described in [40,41], CA4+ (24 mg/mL in PBS), and buffered Lugol’s iodine-based solution, I2KI (Lugol). The Lugol solution was prepared by mixing isotonic Lugol's iodine (3.24 g I2 + 6.48 g KI in 250 mL MilliQ water) with a 266 mM phosphate buffer (pH = 7.16, 63.1 mM KH2PO4 + 202.9 mM Na2HPO4) in a 1:1 ratio as described in [42]. A native healthy explanted abdominal rat aorta without wire, which was fixed in 4% FA for 5 hours and rinsed in PBS, was cut in four pieces. Each piece was stained in 2 mL of one of the four CESA solutions for 24 hours on a shaker plate at room temperature to ensure complete staining. A CECT dataset of each piece of aorta was then acquired. Acquisition parameters are mentioned in Table 2 (CECT of healthy rat aorta). The two most promising CESAs were selected based on visual comparison of the contrast enhancement of the rat aortic wall. 
Then, two wires of each of the biodegradable metal types (Fe, Zn, and Zn alloy) were placed each in a piece of porcine aorta obtained from the slaughterhouse (one part of the wire inside the tissue and one part sticking out of the tissue to simulate the rat aorta explants). Three samples (one with each type of wire) were placed each in 5 mL of 1:2 Hf-WD POM solution and the three other samples were placed in 5 mL of Lugol solution for 17 hours at room temperature on a shaker plate. After 17 hours, CECT datasets of each sample were acquired. Acquisition parameters are mentioned in Table 2 (CECT of wire in porcine aorta). This allowed for determining which CESA interacted with the metallic wires the least.
To optimize the staining time, one rat aorta explant was thawed and placed in 5 mL of Lugol solution at room temperature on a shaker plate. CECT datasets were acquired at different time points after staining (1, 2, 4, 6, 8, 10, 12, 14, and 17 hours) with the acquisition parameters mentioned in Table 2 (CECT of explant). Staining time should be long enough so that the CESA fully diffuses through the tissue, but as short as possible so that the interaction with the metallic wires is as low as possible to prevent any potential further degradation of the metal.
Table 1: MicroCT and CECT acquisition parameters for the wires and explants 
	
	MicroCT of wires at time point 0
	MicroCT of explants
	CECT of explants

	Tube voltage (kV)
	100
	100
	90

	Tube current (µA)
	210
	148-253
	163-281

	Filter
	0.1 mm Cu
	0.1 mm Cu
	0.25 mm Cu

	Exposure time (ms)
	500
	500
	500

	Number of projections
	2400
	2400
	2400

	Acquisition time (min)
	20
	20
	20

	Averaging 
	1
	1
	1

	Skip
	0
	0
	0

	Fast scan mode
	Yes
	Yes
	Yes

	Voxel size (µm)
	5
	3.5-6
	3.5-6

	CESA
	/
	/
	Lugol



2.7 CECT acquisition of explants. Based on our investigation to determine the appropriate CESA and staining time, samples were thawed and stained during 17 hours in 5 mL of Lugol solution on a shaker plate at room temperature. CECT acquisition was performed for each wire using the same voxel size as for the microCT acquisitions prior to staining. The CECT acquisition parameters are listed in Table 1 (CECT of explants). All datasets were reconstructed with the Datos|x software. A BHC of 9 was applied. Three different post-processing filters were applied in the reconstruction software: inline median, ROI-CT filter, and filter volume. Slices were exported as 16-bit XY slices (.tiff).
Table 2: MicroCT and CECT acquisition parameters for the choice of CESA and optimization of staining time for CECT
	
	CECT of healthy rat aorta
	CECT of wire in porcine aorta
	CECT of explant

	Tube voltage (kV)
	70
	90
	90

	Tube current (µA)
	100
	234
	234

	Filter
	/
	0.25 mm Cu
	0.25 mm Cu

	Exposure time (ms)
	500
	500
	500

	Number of projections
	2400
	2400
	2400

	Acquisition time (min)
	20
	20
	20

	Averaging 
	1
	1
	1

	Skip
	0
	0
	0

	Fast scan mode
	Yes
	Yes
	Yes

	Voxel size (µm)
	1.667
	5
	5

	CESA
	CA4+, Hexabrix, Hf-WD POM, Lugol
	Hf-WD POM, Lugol
	Lugol



2.8 Classical 2D histology. The classical 2D histological analysis was performed by LLS Rowiak LaserLabSolution GmbH (Hannover, Germany). Samples were embedded in methylmethacrylate, sectioned with a lasermicrotome, and stained with hematoxylin and eosin (H&E). This was done on 6 different explants, containing three wires each, from the 84-day time point only. Two sections per wire were cut in two different regions of interest: at both artery penetration points, with the implant inside the lumen having just fully passed the internal elastic lamina.
2.9 MicroCT and CECT datasets post-processing. The 16-bit XY slices (.tiff) were converted to 8-bit (.bmp) images, while simultaneously adapting the grayscale histograms of the datasets to normalize them to each other using an in-house developed Matlab routine [43]. For the microCT images, the grayscale values of the wires and of the background were used for normalization to ensure that all the wires had the same gray value (meaning that the gray values were independent of the X-ray attenuation). For the CECT images, the parafilm, in which the samples were wrapped for imaging, and the background were used as reference materials for normalization. The rest of the steps were performed using Avizo (Thermo Fischer Scientific, Massachusetts, USA). Each CECT acquired explanted wire was registered with its corresponding previously acquired microCT explanted wire, using the Image Registration Wizard module and adapting manually when necessary. Different locations of the wires were determined manually in the CECT datasets (wire outside the lumen, wire inside the lumen, and wire inside the lumen and encapsulated by neointima). This information was translated to the microCT datasets.
2.10 MicoCT and CECT image analysis. 
2.10.1 Diameter versus length. The microCT datasets of the wires were segmented from the background using the same threshold value for all wires. The Cylinder Correlation module (cylinder length of 174.332 µm, angular sampling of 5°, mask cylinder radius of 132.158 µm, outer cylinder radius of 120.144 µm, inner cylinder radius of 0 µm, bright on dark for the contrast of the signal to be detected) followed by the Trace Correlation Lines module (minimum seed correlation of 68, minimum continuation of 45, direction coefficient of 0.3, minimum distance of 240.288 µm, minimum length of 174.332 µm, search cone length of 80 µm, search cone angle of 37°, and minimum step size of 10) were applied to each binarized wire to identify and trace the centerline of each wire. The Thickness Map module (boundary voxels averaged) was applied to each binarized wire to obtain a 3D thickness map of each wire. The ThicknessToFiberRadius module, which takes as input the result from the Trace Correlation Lines module and the thickness map of each wire, was then applied to compute the diameter at different locations defined by the Trace Correlation Lines module along the length of each wire. 
2.10.2 Percentage volume loss. The volume of each wire was computed using its length and the diameter computed by the Thickness Map module. This volume was compared to the volume of a perfect cylinder of the same length and with a diameter equal to the maximum diameter of the degraded wire (there was always at least one region where the wire showed no degradation). Comparing these two volumes allowed for computing the percentage volume loss of each wire. The percentage volume loss was calculated in the same way for the portion of wire located outside the lumen, the portion inside the lumen, and the portion inside the lumen that was encapsulated by neointima. The portion of the wire inside the lumen was used for calculating the degradation rate, assessing the wire diameter during degradation, and neointima and corrosion product segmentation.
2.10.3 Degradation rate. The degradation rate of each wire was computed based on its volume loss using the following formula: 

CR is the corrosion rate (mm∙year-1 or mmpy), V is the volume loss of the wire inside the lumen (mm3), A is the exposed surface area (mm2) computed as  (r (mm) is the initial wire radius and L (mm) is the evaluated wire length), and t is the exposure time (years).
2.10.4 Wire diameter rate of change and maximal diameter range. The average rate of change in diameter along the wire was computed based on the graphs of the diameter versus the length. The interval chosen to compute the average rate of change was the distance between two positions along the wire chosen by the Trace Correlation Lines module and for which the diameter was computed by the ThicknessToFiberRadius module. The maximum range of the diameter (maximum diameter – minimum diameter) for each wire was also computed.
2.10.5 Neointima and corrosion products segmentation in the CECT datasets. Using the Magic Wand, Watershed, and Brush tools from Avizo, the neointimal tissue, the wire, the aorta, and the corrosion products were segmented from the CECT datasets. The 3D analysis tool in CTAn (Bruker MicroCT, Kontich, Belgium) was used to compute the thickness distribution, volume, and surface area of the neointima from the binarized slices, of each segmented volume individually, that were exported from Avizo. The total volume and the peak thickness of the combination of the wire and neointima were computed in the same way for each dataset using CTAn. The binarized slices of the aorta were used to compute the lumen perimeter of each aorta in CTAn by using Path from the Measure tool and manually drawing the internal perimeter of the aorta on five different slices and taking the average. From the mean internal perimeter of each aorta, a mean cross-sectional area of the lumen was computed. The volume of a perfect cylinder with the same cross-sectional area and the same length as the aorta was computed to obtain the lumen volume. The wire and neointima volume were divided by the lumen volume to obtain a lumen obstruction index, expressed in percentage. The binarized slices of the corrosion products were also processed with CTAn. First, a Despeckle step was applied (remove white speckles less than 4 pixels in size in 2D space) to remove the border of the wire which remained in the slices of the corrosion products. Then, the volume of the corrosion products was computed using the 3D analysis tool. Avizo was used to make 2D and 3D visual representations of the segmentation of the wire, neointima, corrosion products, and aorta of the explants at the three different time points (7, 24, and 84 days).
2.11 Statistical analysis. GraphPad prism 9.5.1 (GraphPad Software, California, USA) was used for the statistical analysis and data visualization. Normality and homoscedasticity of the residuals were checked. To ensure the normality and homoscedasticity assumptions, a logarithmic transformation of the data was sometimes necessary. When a comparison was made between two groups, a two-tailed Student’s t-test was performed (paired or unpaired depending on whether the data was matched). When more than two different groups were compared, a one-way ANOVA was applied, followed by a Tukey’s multiple comparison test. Welch’s correction was applied in case of heterogeneity of variances. A Kruskal-Wallis test was applied when normal distribution could not be assumed. A two-way ANOVA was applied when assessing the effect of two factors on one dependent variable.  P-values below 0.05 were considered significant; not significant (no star) p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. In the bar graphs, the mean value of the different samples is indicated by the height of the bars and individual values are also represented. Error bars represent the standard deviation.
3. Results
3.1 MicroCT allowed for determining the in vivo degradation behavior of the implants. The graphs of the diameter of each wire over the full length allow for visualizing the local loss in material of each wire (Fig. 2A). The representative graph of each type of wire after 84 days of implantation revealed that Co-Cr stayed intact, as expected. Fe showed low amounts of loss in diameter over its length, whereas both Zn and the Zn alloy demonstrated more and deeper pits. This information was reflected quantitatively in the percentage volume loss, computed for all wire types and time points (Fig. 2B). At the early time point (7 days), the volume loss of the Zn alloy was significantly larger than for the other metal types, indicating its rapid and early degradation. At the two later time points (24 and 84 days), the volume loss of both pure Zn and the Zn alloy was significantly higher compared to Co-Cr and Fe. The differences in volume loss between pure Zn and the Zn alloy were no longer significant at the later time points. 
Among the implanted wires, there were three different parameters that varied: the wire metal type (Co-Cr, Fe, Zn, or Zn alloy), the implantation time (7, 24, or 84 days), and the order of implantation of the wires (Co-Cr – Fe – Zn, Co-Cr – Zn – Fe, Co-Cr – Zn alloy – Zn, or Co-Cr – Zn – Zn alloy) (Fig. 1, Implantation of wires). We created a least squares regression model to investigate which of these parameters had an effect on the percentage volume loss of the wires (Fig. 2C-E). We found that the metal type and the implantation time had a significant effect on the volume loss, as anticipated (p < 0.0001) (Fig. 2C,D). However, the order in which the wires were implanted in the aorta did not have a significant influence on their volume loss (Fig. 2E). Consequently, the wire implantation order was disregarded for evaluating the volume loss and degradation rate of the wires in the remainder of the study.
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Fig. 2. MicroCT-based representations of the wires, diameter versus length graphs used to compute the percentage volume loss, and parameters that influence the percentage volume loss of the wires after explant collection. (A) Typical diameter versus length graphs of the different wire types at 84 days with corresponding 3D representation of each type of wire: Co-Cr, Fe, Zn, and Zn alloy. (B) Percentage volume loss of the wires computed over their full length for all materials and all time points. The control time point represents the volume loss of the wires prior to implantation. The dotted line indicates the threshold below which volume loss is considered insignificant (mean percentage volume loss of Co-Cr), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. (C-E) Least squares regression model showing which parameters influence the percentage volume loss of the wires. (C) Effect of metal type on the percentage volume loss (significant, p < 0.0001), (D) effect of the implantation time on the percentage volume loss (significant, p < 0.0001), (E) effect of the order of implantation of the wires on the percentage volume loss (not significant, p = 0.4763).
3.2 Optimization of CECT imaging of the wires after implantation. Due to the limitation of microCT imaging to only allow visualization of the metallic implants, CECT imaging was performed to image also the soft tissues surrounding the wires and, therefore, to identify the portions of the metallic wires inside the aorta lumen, the portions encapsulated by neointima, and the portions extending outside of the lumen. The goal was to identify a CESA that offers optimal contrast enhancement of the different types of soft tissues while minimizing further degradation of the metallic wires. Essentially, the staining time should be long enough to allow the CESA to diffuse into the samples but as short as possible to limit further degradation of the wires during the staining process. Out of the four different CESAs tested in this study (i.e., CA4+, Hexabrix, Hf-WD POM, and Lugol) for the contrast enhancement of the rat aorta, Hf-WD POM and Lugol gave the best visual results (Fig. 3A). The interactions between these two CESAs and the different biodegradable metal types (i.e. Fe, Zn, and Zn alloy) showed that the wires experienced less degradation when immersed in Lugol compared to Hf-WD POM, evidenced by the fact that the wires maintained greater integrity when immersed in Lugol (Fig. 3B). Additionally, full staining of the soft tissue with Hf-WD POM required more time than with Lugol meaning that the sample would need to be exposed to the CESA longer when using Hf-WD POM (data not shown).  The time required to fully stain the explants with Lugol varied across samples, depending on the amount of adipocytes, muscle fibers, and connective tissue that were present around the aorta. We found that 17 hours was the shortest staining time possible to ensure full staining of all the samples with Lugol (Fig. 3C). 
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Fig. 3. Choice of CESA and optimization of staining time for CECT of the explants. (A) Normalized cross-sections of a rat aorta after staining with different CESAs (CA4+, Hexabrix, Hf-WD POM, and Lugol) to compare their contrast enhancement. (B) 3D representations comparing Hf-WD POM and Lugol for their interactions with the biodegradable wires of different metal types (Fe, Zn, and Zn alloy) placed inside a piece of porcine aorta (red). (C) Normalized cross-sections of a rat aorta explant, at different time points after staining with Lugol to optimize the staining time. Blue arrow = Zn alloy wire, yellow arrow = aorta, green arrow = adipocytes. Scalebars in A is 300 µm (overview images) and 90 µm (inset images) and scalebars in C is 500 µm (overview images) and 250 µm (inset image).
3.3 Combining microCT and CECT enabled computation of the regional in vivo implant degradation. The degradation of the wires was not uniform along their length. By analyzing the CECT images of the explanted samples, distinct regions of the wires were identified: the segment within the lumen, the segment inside the lumen + encapsulated by neointima, and the segment outside the lumen embedded in other soft tissues (adipocytes, muscle fibers, and connective tissue, mainly). By registering these images with the microCT datasets, the in vivo degradation of the wires was calculated for each of these specific regions (Fig. 4A-B and Suppl. Fig. 2). For all materials and at every time point, the wire segments outside the lumen exhibited a greater volume loss compared to those inside the lumen. This difference was particularly significant at the 84-day time point for both Fe and Zn, with Zn exhibiting substantial degradation in the portions of the wires located outside the lumen (Fig. 4A). At the initial 7-day time point, the neointimal tissue was not discernible (Suppl. Fig. 2). At the 24 and 84-day time points, for Fe, there was a greater volume loss for the portion of the wire encapsulated by neointimal tissue, although this was only significant at 24 days, as compared to the total volume loss of the wire portion situated within the lumen. The Zn and Zn alloy wires were fully encapsulated after 24 days, thus showing no difference between the portion of the wire in the lumen and the portion of the wire encapsulated by neointima in the lumen. 
The assessment of the volume loss across the different materials was based on the percentage volume loss of the entire segment of the wire located within the lumen, considered as the most biologically relevant for determining the degradation rate (Fig. 4B,C). While the initial volume loss for the Zn alloy was much higher than for the other materials, it increased little over time (Fig. 4B). This led to a larger decrease in degradation rate over time for the Zn alloy compared to the other alloys (Fig. 4C). The variation in degradation rate was high for Zn and Zn alloy because the volume loss was variable between samples for these materials, consistent with nonuniform degradation behavior. From 7 to 84 days of implantation, the average degradation rate went from 0.23 to 0.03 mmpy for the Zn alloy, from 0.07 to 0.02 mmpy for pure Zn, and from 0.05 to 0.004 mmpy for Fe.  The reduction in the degradation rate over time is a well-known feature of biodegradable metals, as the corrosion product is more stable than the pure metal.  However, it has been challenging in the past to make accurate measurements of the degradation rate.  The more accurate measurements, made here with micro-CT, lay the foundation for assessing modifications of these materials to increase the degradation rate at the latter times and for assessing the stability of the corrosion products.
The homogeneous versus heterogeneous degradation behavior was described using the maximum range of the diameter and the variation of the diameter of the wires (Fig. 4D,E), based on the graphs from Fig. 2A. For the maximum range, there were no significant differences between materials at 7 days. At 24 days the range was significantly higher for Zn and Zn alloy compared to Co-Cr and Fe. At 84 days, the maximum range for Zn was significantly higher than for all the other materials while the variations for the Zn alloy were too large to detect any significant differences (Fig. 4D). The Zn alloy had the highest variation in diameter for all time points, which increased with time, although never significantly higher than Zn due to large variations observed between wires (Fig. 4E).
[image: ]Fig. 4. Comparison of percentage volume loss of the portion of the wires outside the lumen and inside the lumen, and degradation rate and behavior of the explanted wires, part only inside the lumen. (A) Comparison between the percentage volume loss of portion of the wire outside the lumen (circle) and inside the lumen (square) for all materials and time points. (B) Percentage volume loss of the wires for the part of the wire that was inside the lumen of the aorta for all materials and time points. Dotted line indicates the threshold below which volume loss is considered insignificant (mean percentage volume loss of Co-Cr). (C) Degradation rate (mmpy), (D) maximum range of the diameter distribution (µm), and (E) average rate of change of the diameter distribution for all materials and time points, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
3.4 The CECT images allowed the 3D structural characterization of the neointima and corrosion products. The evaluation of the morphometry of the neointima surrounding the wires gives insights into the biological performance of the implant. The neointimal tissue formation and corrosion products were assessed from the CECT images, and from this the lumen obstruction index was computed (Fig. 5). It is important to note that we found that the order of implantation of the metal types also did not have a significant effect on the lumen obstruction index (data not shown). We verified that the corrosion products we identified were correctly segmented and could be differentiated from the neointimal tissue by comparing the microCT and CECT images of the same samples. An example is shown in Suppl. video 1. Video 1 illustrates the segmentation of the different components of the explants (aorta, wire, neointima, and corrosion products) and their spatial arrangement in a typical CECT dataset of a Zn alloy explant after 84 days of implantation. Neointimal tissue formation was visible after 24 days and was negligible at 7 days of implantation (Fig. 5A). Co-Cr was the only material for which there was a significant increase in neointima formation between 24 and 84 days, with a significant increase in surface area, volume, and thickness of the neointimal tissue between these two time points (Fig. 5B-D). Neointimal tissue formation was less pronounced in the presence of Fe (lower surface area, volume, and thickness) than Co-Cr and no significant differences were observed between 24 and 84 days. In contrast, both pure Zn and the Zn alloy exhibited neointimal surface area, volume, and thickness values comparable to those of Co-Cr, but no significant differences were observed between the 24 and 84 days (Fig. 5B-D). The time course measurements demonstrate the stability of the neointimal layer that had formed by 24 days for all implant metals.  The wire and the neointima were both considered to compute the peak thickness and the lumen obstruction index (Fig. 5E-F). For both parameters, Fe had lower values than the other materials. The average peak thickness of the wire and neointima in the Zn and the Zn alloy samples was not significantly higher than that of Co-Cr. The maximum peak thickness among all explants was 0.45 mm for Co-Cr, 0.28 mm for Fe, 0.55 mm for Zn, and 0.49 mm for Zn alloy. The maximum lumen obstruction index measured for Co-Cr was 20.64% and 22.34% at 24 and 84 days, respectively. These measurements were used as a reference, and the lumen obstruction index for the other materials was evaluated in comparison to these values. In the case of Fe, only 1 out of 7 explants at the 84-day time point showed a lumen obstruction index exceeding that of Co-Cr. For pure Zn, 6 out of 12 implants at 24 days and 4 out of 13 implants at 84 days surpassed the Co-Cr lumen obstruction index. For the Zn alloy, 2 out of 6 implants at both 24 and 84 days demonstrated a higher lumen obstruction index than that of Co-Cr. The corrosion products were absent or not visible for the Fe wires. They were only visible for the Zn and Zn alloy wires and only at time points 24 and 84 days. The assessment of their volume indicated no significant differences between both time points, but a significantly higher amount of corrosion products for the Zn alloy compared to pure Zn (Fig. 5G).
3.5 Neointima formation at the cellular level. The classical 2D histology sections of the samples allowed to validate what can be visualized in the CECT images (aorta, wire, and neointima) and provided additional details on the tissue in the explants at the cellular level (Fig. 6). Around the Co-Cr wires, the neointima appeared ideal, with cells uniformly distributed throughout the tissue (Fig. 6A). In contrast, the Fe, Zn, and Zn alloy wires induced some acellular regions (Fig. 6B-D). Mild inflammation was also detected in specific areas around the Zn and Zn alloy wires (Fig. 6B,C), while Fe did not cause any inflammation (Fig. 6D). However, the Fe wires were not entirely covered by neointima. This suggests that the process of reendothelialization was not uniform around the entire implant.
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Fig. 5. Segmentation of the neointima and the corrosion products from the CECT images and comparison of the structural parameters of the neointima and the corrosion products for all wires at 24 and 84 days. (A) Visual representations of the corrosion products (green) and the neointima (yellow) surrounding the wire (light purple) inside the aorta (red) after 7, 24, and 84 days for representative Zn alloy wires. Comparison of (B) the surface area normalized by the length of the wires, (C) the volume normalized by the length of the wires, and (D) thickness of the neointima for all materials and the two last time points (24 and 84 days). Comparison of (E) the peak thickness of the neointima and wire combined and of (F) the lumen obstruction index for all four materials and the two last time points. (G) Comparison of the volume of the corrosion products normalized by the length of the wires for Zn and Zn alloy for the two last time points. Scalebars = 400 µm (A), * p ≤ 0.05, ** p ≤ 0.01, *** ≤ 0.001.
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Video 1. CECT-based images of a Zn alloy explant, after 84 days of implantation. (A) The original grayscale slices, (B) the segmentation of the wire, the aorta, and the neointima, and (C) the segmentation of the wire, the aorta, the neointima, and the corrosion products. Red = aorta, light blue = wire, yellow = neointima, green = corrosion products. Scalebars = 300 µm.
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Fig. 6. Comparison between CECT and classical 2D histology imaging techniques for the explants. Representative CECT and classical 2D histology section for a (A) Co-Cr, (B) Fe, (C) Zn, and (D) Zn alloy wire. Blue arrow = neointima, red arrow = corrosion products, yellow arrow = acellular region, green arrow = mild inflammation, * = wire or wire location. Scalebars = 500 µm (entire sample cross-section) and 50 µm (zoom on neointima and wire).
4. Discussion
Currently, analysis of biodegradable stent materials commonly involves techniques such as SEM or classical 2D histological analysis  which only allow obtaining 2D local information on material behavior and biocompatibility. Due to the high variability that is often seen in candidate metal biodegradation behavior and biological responses, important information (such as the peak neointimal thickness or uniformity of the degradation behavior) can be misinterpreted from 2D analyses that make generalized conclusions from a limited number of cross sections. 
Biodegradable intravascular stents can prevent long-term complications by disappearing from the body. Although Fe and Zn are promising candidates due to their biocompatibility, Fe corrodes too slowly , and Zn lacks strength . Alloying these metals may enhance their performance without compromising biocompatibility. While research has yielded promising alloys, the ideal material has not yet been found. Advanced 3D characterization techniques are crucialnecessary for understanding degradation behavior and biological integration of materials for improved implant designs and better clinical outcomes. 
After implantation of candidate metals in animal models, analysis of the explants often involves techniques such as SEM or classical 2D histological analysis  which only allow obtaining 2D local information on material behavior and biocompatibility. Due to the high variability that is often seen in candidate metal biodegradation behavior and biological responses, important information (such as the peak neointimal thickness or uniformity of the degradation behavior) can be misinterpreted from 2D analyses that make generalized conclusions from a limited number of cross sections. Unfortunately, 3D image-based studies are still often rudimentary. In vivo techniques, such as angiography, provide only low-resolution information, such as luminal diameter  or implant volume loss .  On the other hand, higher-resolution methods like microCT can offer more precise information on degradation behavior , but have the  due to their insufficient resolution or inability to simultaneously detect both the metal implant and its surrounding tissue. X-ray based investigations can be done in vivo, using angiography, for instance. They allow for investigating properties such as luminal diameter  or implant volume loss  in real time, but only at very low resolution. Higher-resolution X-ray based studies have been conducted on explants to investigate the volume loss and the degradation products of metallic implants . However, these studies did not allow for studying the interactions between the implant and the host tissue. 
In our study, we have combined microCT and contrast-enhanced microCT imaging to assess both the degradation properties as well as the interactions between the implants and the soft tissue. These measurements provide fundamental benchmarks for assessing future material modifications with substantially improved accuracy compared to measurements made from conventional 2D characterization approaches [34]. Our imaging technique has been validated with classical 2D histology using H&E staining, which is still the golden standard for tissue analysis at the microscopic level. Table 3 compares these three techniques. 
Table 3: Comparison between microCT, CECT, and classical 2D histology techniques for analysis of the explants. 
	MicroCT
	CECT
	Classical 2D histology

	· 3D technique with isotropic voxel size of ~5 µm to allow visualization of full wire 

· CECT, classical 2D histology and other techniques can still be performed afterwards

· Further degradation of the wire after explantation is very limited because microCT imaging was performed directly after explant collection
	· 3D technique with isotropic voxel size of ~5 µm to allow visualization of full wire and soft tissue

· Classical 2D histology and other techniques can still be performed afterwards

· Some degradation of the wire might have occurred during CESA staining for CECT imaging but limited thanks to the proper CESA selection and staining time optimization
	· 2D technique with resolution of < 1 µm, gives local information

· End-stage technique

· Degradation of the wire might have occurred during the preparation of the sample for classical 2D histology (methylmethacrylate embedding)

· Cutting of the samples is challenging due to the presence of the metal and sometimes requires specific and highly expensive equipment




MicroCT allowed to visualize and quantify the volume loss of the implanted wires in 3D, offering new insights into the nature of the degradation process—whether it was homogeneous or heterogeneous, at the surface or occurring deeper within the material. This approach, unlike traditional mass loss measurements, offers insights into the spatial distribution of degradation and corrosion products. We showed that microCT allowed for obtaining a 3D visual representation and quantitative information on the volume loss of the implanted wires through the diameter versus length graphs. Visually, these graphs convey the homogeneous versus heterogeneous nature of the volume loss, volume loss at the surface versus in deeper regions, and the degree of volume loss. Using the data from these graphs, it is also possible to obtain quantitative information on the percentage volume loss of each wire. 
Our analysis confirmed that the order of implantation of the wires did not have any effect on their percentage volume loss or on the lumen obstruction index. This means that the effects of degradation were local enough and confirms that we could implant three wires per animal without affecting the volume loss or tissue formation in the neighboring wires. This allows for reducing the number of animals required for such a study and significantly reduces the costs. 
When comparing the degradation rate of the different wire implants, we found that the Zn alloy had a higher initial volume loss than the other materials but showed little increase over time. Overall, Zn and Zn alloy exhibited the highest degradation rates. Additionally, Zn and its alloy corroded less uniformly than Fe. This could be explained by their very heterogeneous corrosion behavior as shown by the large range and rate of change of their diameter compared to both the Co-Cr and Fe wires. We detected the formation of deep dendrites after corrosion of the Zn alloy wires, which was also observed previously in vitro [34].  Our measurements provide highly accurate information for assessing future modifications of Zn that aim to bring its corrosion uniformity closer to that of Fe or to decrease the initial high or increase the latter low corrosion rate of Zn. 
For the CECT imaging,The use of CECT required CESA optimization was required to maximize the contrast enhancement of the different soft tissues while minimizing the effects of the staining on the degradation of the wires.  Hf-WD POM and Lugol presented the best contrast enhancement of the rat aorta and they have been used in the past to stain cardiovascular tissues [39,46–48]. However, because Hf-WD POM is composed of metals in its highest oxidation state, it is known to engage in strong redox reactions causing a reduction of the POM with simultaneous oxidation of the metallic biodegradable wires. Also, we found that Hf-WD POM required more time to fully diffuse into the tissue than Lugol. Therefore, we chose to use Lugol as CESA in our study. However, as Lugol’s iodine solution is commonly known to cause tissue shrinkage due to acidification of the staining solution [48,49], we decided to apply a Lugol’s iodine solution buffered with a higher concentration of buffer ions, introduced by Dawood et al. Such a solution was shown to have a stable pH during the entire staining process, which prevents pH-induced tissue shrinkage. This solution is referred to as buffered Lugol’s iodine solution [42]. Despite these precautions, the possibility of some degradation due to staining could not be ruled out, and we relied on microCT datasets to compute volume loss more accurately.

Regardless, further degradation of the wires due to staining with buffered Lugol could not be totally excluded. For this reason, we decided to use the microCT datasets to compute the volume loss and hence, degradation rate of the implanted wires. Due to registration of the CECT with the microCT datasets, we could identify distinctfferent regions of the implanted metallic wires (portion of the wire inside and outside the lumen, and portion encapsulated by neointimal tissue). We foundshowed that the percentage volume loss of the wires was higher for the portion of the wire outside the lumen than the one inside the lumen. From the portion of the wires inside the lumen, we also showed that, for Fe, the portions that were encapsulated by neointimal tissue showed more volume loss than the ones that were exposed to the blood. This could partly be caused by blood contact tending to passivate the metal surface and thus reduce corrosion, as described by [50]. This also illustrates the profound effects of the local environment of the implant on the degradation behavior. Indeed, the degradation rate differs in distinct locations within the same implant, depending on whether it is encapsulated by tissue or exposed to the blood flow. This finding has clear implications for biodegradable stents, given that the luminal side of a stent is exposed to blood while the abluminal side is exposed to the arterial tissue. Future work with the imaging approaches developed here could be used in large animal stent implantation studies to investigate the heterogeneity of stent biodegradation based upon exposure of the strut surfaces to the blood vs. arterial wall. Since a uniform biodegradation mode is desired, biodegradable stent designs may need to take this feature of highly localized environmental influences into account. 
The neointima and the corrosion products were identified using the CECT images. To the best of our knowledge, this is the first time that the neointimal tissue has been fully visualized in 3D. The 3D morphometric characterization of both the neointima and corrosion products provides a bettermore comprehensive understanding of the biological integration of the implant by giving information about the explant as a whole, as opposed to randomly selected 2D sections or smaller regions. It is important to note that the corrosion products are also visible on the microCT images (Suppl. Video 1), which validates the segmentation of the neointima (not visible in the microCT images) versus corrosion products in the CECT images. The average formation of neointimal tissue around the Zn and Zn alloy implants was similar, as was also observed previously [19], showing that the Zn alloy, which has improved inflammation resistant properties relative to pure Zn, did not show worse behavior in terms of neointima formation compared to Zn. Nonetheless, at least one-third of the Zn and Zn alloy explants showed a higher lumen obstruction index compared to the maximum observed in Co-Cr implants, which was approximately 20% at 24 days and 22% at 84 days, reaching a maximum of 28% for Zn and 32% for the Zn alloy. This might indicate a potential decrease in biocompatibility for the Zn and Zn alloy implants when compared to Co-Cr. This was also suggested by the presence of some regions with mild inflammation observed around both the Zn and the Zn alloy implants in the H&E sections. In contrast, the tissue formation around the Fe implants was significantly less than that observed around the Co-Cr implants, with some regions where no reendothelialization occurred at all, as observed both in the CECT images and in the classical 2D histology sections. This might have significant consequences, such as in-stent restenosis and stent thrombosis. The presence of acellular regions around all the biodegradable implants, as observed in the classical 2D sections, might also suggest impaired healing. Additionally, a significant amount of corrosion products were visible around the Zn and Zn alloy explants, with a much higher volume for the Zn alloy. This implies again a faster degradation rate for the Zn alloy relative to Zn and for Zn relative to Fe. Additionally, this might also point to differences in biocompatibility between the two materials or to a dependence of biocompatibility on the rate of implant biodegradation. The varying volumes of corrosion products could influence tissue response and the healing process, as the by-products of corrosion can interact differently with biological tissues. It remains to be seen whether newer Fe-based alloys that have been developed for accelerated corrosion relative to pure Fe will exhibit the similar notable biocompatibility that we have seen out to 84 days for the very slowly corroding pure Fe implants. 
This study allowed us to successfully validate the use of microCT and CECT imaging for assessing candidate stent materials in an in vivo setting. However, several limitations were identified. The first major limitation is the use of metallic wires, which cannot entirely replicate all aspects of a stent, particularly mechanical properties such as strength and ductility. Additionally, Uunlike a functionala real stent, the wires area wire is not  always fully in contact with the endothelial wall, requiring the assessment of different regions of the wires. MicroCT and CECT need to be validated for the imaging of full stents with different geometries. Another limitation of thisAdditionally, this study is that it relies on a healthy animal model. Future research could benefit from using an atherogenic animal model, such as the well-established apoE-/- transgenic mouse model of atherogenesis. It would be necessary to confirm that the diseased tissue, such as atherosclerotic lesions, can be distinguished with microCT or CECT. 
Future research should also explore larger animal models, such as pigs, whose vascular anatomy more closely resembles that of humans. Moreover, while our study employed a rat model, exploring stent deployment and implantation in larger animal models, such as pigs, which exhibit greater anatomical similarity to humans, would provide additional valuable insights. AsFinally, our study focused on microCT and CECT areimaging as non-destructive imaging techniques, which this opens the possibility of combining them with other techniques such as immunofluorescence staining or histopathology to investigate inflammatory properties or SEM to assess the nature of the corrosion products.  in future research. This could For instance, investigating the inflammatory properties of explants through immunofluorescence staining or histopathology, or assessing the nature of corrosion products using SEM, could enhance our understanding of the biocompatibility and degradation behavior of the materials.

5. Conclusion
This study demonstrates the efficacy of microCT and contrast-enhanced microCT imaging for non-destructive, 3D investigation into the in vivo degradation behavior and biocompatibility of candidate biodegradable intravascular stent materials. The measurements obtained allow for evaluating future material modifications with a high degree of accuracy, compared to previous 2D methods. Materials and their modifications can be developed, implanted as wires, and ranked based on their in vivo corrosion behavior and neointimal tissue response using highly accurate 3D measurements of performance. 
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Suppl. Fig. 1: Pictures of the surgery. Implantation of three different wires in the rat abdominal aorta between the renal and femoral bifurcations at time point 0 (left) and just before sample collection at 24 days (right).
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Suppl. Fig. 2. Comparison of the percentage volume loss for different locations of the wires for all time points and all metal types. Comparison of the percentage volume loss for the portion of the wire outside the lumen (circle), the portion inside the lumen (square), and the portion inside the lumen that is encapsulated by neointima (triangle) for time points 7, 24, and 84 days and for all metal types (Co-Cr, Fe, Zn, and Zn alloy), * p ≤ 0.05, ** p ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. Warning: the scale of the vertical axis is different for Co-Cr and Fe compared to Zn and Zn alloy.
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Suppl. video 1. MicroCT and CECT-based images of a Zn alloy explant after 84 days of implantation. (A) MicroCT slices showing the wire and the corrosion products and (B) CECT slices of the same explant after staining with Lugol for 17 hours, showing the wire, the corrosion products, and the surrounding soft tissue. Light blue: original non-degraded parts of the wire. Scalebars = 200 µm.
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