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Abstract

Cardiovascular tissues possess a complex microstructure, which remodel and adapt due to ageing and diseases. This
complex and evolving microstructure is intrinsically linked to the tissue’s mechanical properties. To better understand
how changes in the microstructure can impact the mechanical behavior, 4D-contrast-enhanced microCT (4D-CECT)
can be used (i.e. in situ mechanical loading combined with 3D microstructural visualization). Since absorption-based
CECT requires the use of contrast-enhancing staining agents (CESAs), we investigated six different CESAs for their
suitability for 4D-CECT imaging of arterial tissue, considering their ability to provide good microstructural visualization
and segmentation while ensuring the preservation of the mechanical properties. For this purpose, the penetration speed,
contrast-enhancement, volume change, and stiffness change of porcine arterial tissue stained with the different CESA
solutions were studied. Based on our results, we selected 1:2 Hafnium-substituted Wells-Dawson Polyoxometalate as
the most suited CESA for 4D-CECT of arterial tissue. Phosphotungstic acid (PTA) and Lugol iodine with Sorensen’s
buffer (Lugol), despite being the reference in the state-of-the-art as CESA and having excellent contrast-enhancement
properties, were the only ones that significantly affected the mechanical properties of porcine arterial tissue. Addition-
ally, for these two solutions, tissue shrinkage was observed, resulting in a volume reduction of approximately −12%
for PTA and −17% for Lugol. Finally, it was observed that the penetration speed of all CESA solutions exhibited a
ratio of 60% to 40% from the intimal side to the adventitial side, which is likely due to the denser packing of elastic
lamellae towards the adventitia. Overall, our study offers valuable new insights for selecting and comparing various
CESA solutions for (4D-)CECT.

© 2024 Published by Elsevier Ltd.
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1. Introduction

Understanding how the microstructure of cardiovascular tissues influences the mechanical behavior can1

provide crucial insights into disease progression and can help to improve treatment planning, for diseases2

such as aneurysm formation, arterial dissection, or atherosclerosis. Thanks to microscopy techniques such3
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as second harmonic generation, fluorescence microscopy, and brightfield microscopy, the microstructure of4

vascular tissues can be visualized (i.e. collagen fibers, elastic lamellae, smooth muscle cells...) [1, 2, 3]. This5

microstructural information has already helped to create macroscopic, i.e. tissue-scale, constitutive models6

to predict the mechanical behavior of vascular tissues, such as the Gasser-Ogden-Holzapfel (GOH) model,7

where the collagen fiber orientation is taken into account [4]. Even though these macroscopic constitutive8

models already allow for a fairly accurate representation of the mechanical behavior of healthy vascular9

tissues, it is more difficult to define a constitutive model that represents the behavior of diseased vascular10

tissues. Tsamis et al. showed with classical 2D histology that, in the case of disease, vascular tissues often11

present high microstructural disorganization or damage both in terms of content and of architecture of the12

fibrous constituents (i.e. elastic lamellae and collagen fibers). These changes affect the mechanical behavior13

and strength associated with these conditions [5]. Nevertheless, accurately quantifying the disorganization14

or damage present in the full tissue of interest is challenging since classical histology only offers 2D in-15

formation from a limited number of tissue slices and can induce artifacts due to tissue sectioning. New16

microscopy methods like light sheet microscopy have demonstrated the ability to visualize mouse carotid17

arteries in three dimensions and assess alterations like neointimal hyperplasia and arterial media volume18

changes [2]. Nonetheless, light sheet microscopy requires sample preparation involving tissue fixation and19

optical clearing, which can modify the tissue’s mechanical properties. Indeed, hydrophobic, solvent-based20

clearing methods, often induce significant tissue shrinkage, likely due to tissue dehydration [6, 7]. However,21

novel optical clearing methods such as aqueous and hydrogel embedding tend to better preserve the tissue22

volume [8, 9]. Nevertheless, fixation, often performed with formaldehyde, can also lead to alteration in23

mechanical properties due to cross-linking [10].24

25

MicroCT imaging has the potential to provide more insight compare to the previously mentioned techniques26

as it gives 3D microstructural information in a non-destructive way and does not require fixation or optical27

clearing. However, to visualize soft tissues with absorption-based microCT, a contrast-enhancing staining28

agent (CESA) needs to be added; this is referred to as contrast-enhanced microCT (CECT). These CESAs29

are chemical compounds containing X-ray opaque elements that show a different affinity for different tis-30

sue constituents, hence revealing the soft tissue microstructure [11, 12]. Still, CECT imaging alone is not31

sufficient to understand the link between the microstructural properties of vascular tissues and their mechan-32

ical behavior. Ideally, in-situ mechanical loading of the tissue and 3D visualization of the microstructural33

constituents is performed simultaneously. This new technique is referred to as 4D microCT, in which an34

in-situ testing stage is fitted within a microCT device, often a uniaxial tensile or compression stage. Several35

papers have already used 4D microCT to characterize mineralized tissue (i.e. bone and cartilage) of joints36

[13, 14] and to study fatigue behavior in polymers [15] and metals [16]. The same approach can be applied37

to soft tissue and is referred to as 4D-CECT. Helfenstein-Didier et al. were the first to our knowledge to use38

4D-CECT to study arterial dissection [17]. They used a uniaxial tensile test stage and sodium polytungsate39

(SPT) as CESA. In their study, they explored only one CESA with two staining times (i.e. 24h and 48h)40

and showed that SPT did not influence the mechanical properties of their tissue. However, the presence of41

dark regions on the published CECT images revealed that these staining times were not sufficient to com-42

pletely stain the tissue. Consequently, their data does not provide information on the mechanical behavior of43

fully stained tissue. Moreover, the elastic lamellae, essential load-bearing constituents of the arterial wall,44

were hard to distinguish on their images, making it impossible to track them for digital volume correlation45

purposes or to segment them for quantifying the microstructural changes during loading. Being able to46

accurately visualize the microstructure is essential for 4D-CECT to allow for an accurate calculation of the47

strains with digital volume correlation. Indeed, this technique relies on tracking features based on variations48

in grey values to accurately determine strain measurements [18].49

50

The choice of the CESA to perform 4D-CECT is crucial, as it should enable the visualization of the mi-51

crostructure of the tissue, without affecting the mechanical properties of the tissue of interest, as otherwise52

the true mechanical behavior would be lost (i.e. unaltered sample tested immediately after harvesting). In53

literature, phosphotungstic acid (PTA) is among the most used CESAs for soft tissue imaging [19, 20, 21].54

Its popularity likely stems from its prior usage in classical 2D histology (e.g. Mallory’s haematoxylin55
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[22, 23, 24] and in electron microscopy [25]. This molecule belongs to the class of polyoxometalates56

(POM) and has been used as a CESA in plenty of studies due to its high contrast-enhancement proper-57

ties. However, it is known to affect tissue integrity, specifically causing tissue shrinkage, both in water58

and ethanol as a solvent [26, 27]. Moreover, ethanol on its own is also known as a dehydrating solvent.59

To avoid this shrinkage effect, de Bournonville et al., explored several comparable POMs for soft biologi-60

cal tissue visualization using physiological buffered saline (PBS) solution as solvent [28]. They identified61

two POMs, Hafnium-Wells 1:2 Dawson POM (Hf-WD 1:2 POM) and Monolacunary-Wells Dawson POM62

(Mono-WD POM), that did not induce tissue shrinkage and enabled similar contrast-enhancing properties as63

PTA. Another frequently used CESA is the Lugol’s iodine (Lugol) solution [29, 30, 31, 32]. Lugol solution64

has excellent contrast-enhancing properties for a wide range of soft tissues. Nonetheless, it also induces65

substantial tissue shrinkage. Indeed, Xia et al. showed that depending on the concentration of Lugol so-66

lution, rabbit and human tongues could shrink up to 30-50% [32]. To tackle this challenge, Dawood et67

al. showed that buffering the Lugol with a stronger buffer (i.e. Sorensen’s buffer) reduced tissue shrinkage68

for mouse livers and fetuses [33]. Finally, many CESAs are used in the literature [12, 17, 34, 35, 36], but69

few studies quantify and compare the diffusion properties, the potential destructiveness, and their relative70

contrast enhancement. Often, no robust protocols are proposed and a trial-and-error methodology is applied.71

72

In this context, the present paper aims at investigating different CESA solutions to identify the most-suited73

one for 4D-CECT of vascular tissues. Indeed, this CESA solution should provide: i) good contrast-74

enhancement properties, ii) allow accurate visualization and segmentation of the tissue constituents present75

in vascular tissues and iii) should not alter the mechanical properties of the tissue. For this purpose, this76

study first evaluated the contrast-enhancement properties and penetration speed of 6 different CESA solu-77

tions on porcine aorta samples using CECT imaging. Then, mechanical tests were performed to evaluate the78

potential change in stiffness induced by the staining process of different CESA solutions.79

2. Materials and Methods80

2.1. Tissue harvesting, sample preparation, and sample assignment.81

Descending porcine aortas, obtained from the Westvlees slaughterhouse (Belgian Pork Group, Westroze-82

beke, Belgium), were cut into strips of 1cm by 1cm for low- and high-resolution CECT imaging, and in83

dogbone shape samples (i.e. 1cm width and 4cm long) along the circumferential direction for mechanical84

testing. A randomization process was applied so that every experimental group contained samples from85

different porcine aortas at different locations. Within 3 hours after harvesting, all samples were preserved at86

-80°C through a snap freezing step in -78°C isopentane [37]. No fixation was performed on the tissue.87

88

For CECT imaging, 7 different experimental conditions were investigated. Six groups contained samples89

stained with different CESA solutions and one was a control physiological buffer solution (PBS) group.90

The PBS control group was used to determine the potential spontaneous deterioration of the tissue under91

the same conditions (i.e. time, room temperature). Triplicates were used for each condition for the CECT92

imaging part. For the mechanical tests, an additional experimental condition was added, the Post-Harvest93

control group. This group was mechanically tested immediately after thawing and is, therefore, considered94

the ground truth in terms of native mechanical properties.95

96

Before imaging or mechanical testing, the samples were thawed at room temperature and were put into their97

respective CESA solutions at room temperature on a shaker plate to enhance the diffusion of the CESA98

through the tissue. An unstained sample refers to a sample being thawed and not immersed (yet) in the99

CESA solution (group 8) or immersed in a physiological buffer solution (group 7). A stained sample refers100

to a sample being placed in its CESA solution for a certain staining time (groups 1-6). Similarly, a fully101

stained sample refers to a sample where no penetration front of the CESA is seen anymore.102
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2.2. CESA solution.103

Six different CESA solutions were prepared with 5 different CESAs. Two CESAs are synthesized in-house104

following literature procedures (Hf-WD 1:2 POM and Mono-WD POM [38, 39, 40]) and the three others105

are commercially available (PTA, SPT, and Lugol). The concentration of every CESA was selected based on106

the existing literature [17, 21, 28, 33] and can be found in Table 1. For PTA, an intermediate concentration107

of 2% was selected instead of 1% or 3% as found in the literature [19, 41]. Apart from the Lugol solution,108

all the other CESAs are in the form of a powder that can be dissolved in PBS. For a specific volume V , the109

CESAs were first dissolved in V/2 of physiological buffer 10 mM. Then, the pH was measured and adjusted110

to obtain a pH of 7.2 – 7.4 using HCL 6 M/ NaOH 5 M. Next, the remaining volume of miliQ water to111

reach the desired concentration (V/2 − VHCl/NaOH) was added. Finally, the osmolality was measured for112

all solutions and corrected to obtain an osmolality of around 312 mOsm using NaCl (Table 1). Only for113

PTA, the pH was not corrected, as it is a strong acid (pH 2.18), and increasing the pH would modify the114

PTA present in the solution, leading to other POM species than PTA [42, 43]. Therefore, the samples were115

immersed in a PTA solution with a pH of 2.18. Lugol was buffered with Sorenson’s buffer solution (i.e. for116

80ml of total Lugol solution, 40ml phosphate buffer 266 mM at pH 7.16 were mixed with 20ml of Lugol117

and 20 ml of miliQ water [44]) and led to a hypertonic solution (545 mOsm and pH 7.18). Every sample118

was placed in 5 ml of respective CESA solution or PBS solution for the PBS group, except for the Post-119

Harvest group. 5ml solution was on average about 30 times the sample volume (i.e. mean sample volume120

153.4mm3 ± 34mm3).121

Table 1: Contrast-enhancing staining agent solutions, their concentration, optimized pH and optimized osmolality.

CESAs
Concentra-
tion
[mg/mL]

Molarity
[mM]

Mass Per-
centage Solvent pH Osmolality

[mOsm]
Abbrevia-
tion

Hf-WD 1:2 POM
[28] 35 3.69 3.5% PBS 7.23 305 Hf

Lugol with
Sorenson’s buffer
[33]

12.5 I2
12.75 I2,
39 KI

0.625% I2,
1.25% KI*

Sorenson’s
buffer** 7.18 545 Lugol

Mono-WD POM
[28] 35 7.12 3.5% PBS 7.22 307 Mono 35

Mono-WD POM
[28] 70 14.24 7% PBS 7.19 297 Mono 70

PTA [21] 20 6.94 2% PBS 2.18 305 PTA
SPT [17] 15 5.02 1.5% PBS 7.48 307 SPT

*percentages after dilution, ** molarity of Sorenson’s buffer equals 133 mM after dilution.

2.3. Contrast-enhanced microfocus computed tomography image acquisition.122

Three samples per experimental group were placed in their respective solution for 3 hours, 6 hours, 9 hours,123

1 day, 3 days, 5 days, 8 days, 15 days, and 17 days. At each time point, the samples were removed from124

their respective solution, slightly dried on a tissue, placed in a 3D-printed thin casing sample holder (i.e.125

in-house designed) to prevent motion and tissue dehydration, and imaged with the low-resolution protocol126

before being put back into their solution (Table 2). The low-resolution acquisition protocol enables to vi-127

sualize the full volume of the sample and to track its volume change as well as the penetration speed of128

CESA solution. For the low-resolution imaging protocol, three samples were mounted vertically in a sam-129

ple holder including two borosilicate beads to normalize the grey values in the reconstructed images. For130

the high-resolution imaging, only one sample per group was imaged at a time point of 17 days by selecting131
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and imaging a region of interest (ROI) of the sample, except for the SPT condition, for which three sam-132

ples were imaged. The high-resolution acquisition protocol allows the discrimination of the different tissue133

constituents in the media of the aorta (i.e. elastic lamellae and ground matrix) and to assess the ease of seg-134

mentation of elastic lamellae after staining with the different CESA solutions. Figure 2 shows the workflow135

and the timeline used for the low and high-resolution imaging protocols. All samples were imaged using136

a Phoenix Nanotom M (GE Measurement and Control Solutions, Germany) equipped with a 180kV/15W137

energy nanofocus X-ray tube and a diamond-coated tungsten target. The acquisition and reconstruction138

parameters for both imaging resolutions are listed in Table 2. All CECT datasets were reconstructed with139

the Datos|x software (Backer Hughes Waygate Technologies, Germany) and exported as XY 16-bit slices140

(.tiff). For one sample of the PTA group at a time point 17 days, an in-house developed MATLAB (The141

MathWorks, Massachusetts, USA) script was used to convert the 16-bit slices (.tiff) to 8-bit slices (.bmp),142

while simultaneously normalizing the histogram range to the dynamic range of the dataset [45]. PTA 17143

days was chosen as a reference as PTA gave the highest contrast enhancement. All the other datasets were144

normalized to that one using a second in-house developed MATLAB script with the borosilicate beads and145

the sample holder as reference materials [45].146

147

Table 2: MicroCT acquisition and reconstruction parameters.

Parameters Low-resolution pro-
tocol - All samples

High-resolution pro-
tocol - All samples

Voxel size (µm) 18 2.22
Source Voltage (kV) 120 92
Tube current (µA) 400 102
Mode 0 0
Number of images 1800 2400
Exposure time (ms) 500 750
Average 1 1
Skip 0 0
Fast scan mode yes no
Acquisition time (min) 15’ 30’
Beam hardening correction 4 4
Inline median filter yes yes
ROI-CT filter yes yes
Filter Volume filter yes yes

2.4. Image analysis.148

For the low-resolution datasets, the penetration of the CESA solutions inside the tissue was analyzed by149

measuring the penetration front depth at each time point. Per dataset, 10 slices evenly spaced out were150

analyzed, and every front depth was measured at two different locations on the slice ( on n=3 samples per151

condition). This front can be seen in Figure 1, where the tissue grey values increase with the CESA diffusing152

in the tissue (i.e. grey values range from 0-255, where 0 is black and 255 is white). Both fronts in the media,153

starting from the adventitial and intimal side were measured. Then, the penetration front over the staining154

time was plotted in a log-log scale to obtain a linear fit for all the data points for every CESA using JMP155

Pro 16 (Statistical Discovery LLC, USA). Moreover, the initial penetration speed through the intima was156

computed based on the penetration front depth from the intimal side at a time point of 6 hours. Finally,157

the volume of every sample at each time point was computed in addition to the volume computed at the158

unstained state (time point 0 hours) using the Avizo software (Thermo Fisher Scientific, Bordeaux, France).159

The volume was assessed by segmenting the sample using manual segmentation and the interpolate function160
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in Avizo.161

162

For the high-resolution datasets, first the contrast difference between the elastic lamellae and the extracel-163

lular matrix (i.e. also containing collagen fibers and smooth muscle cells, but cannot be distinguished from164

one another) was measured. For this, a large ROI was selected (Figure 1), where several profile lines of the165

same length perpendicular to the elastic lamellae were drawn with Dataviewer (Bruker microCT software,166

Germany) for several cross-sections. In total 50 measurements per dataset were made (n=1 sample per con-167

dition). Thanks to an in-house developed Python code, the peak and valley of every grey value profile line168

could be identified. The peaks are identified as the grey values corresponding to the elastic lamellae and the169

valley as the grey values corresponding to the ground matrix (i.e. containing smooth muscle cells, collagen170

fibers...). The mean and standard deviation of the grey values associated with these peaks and valleys were171

calculated to compute the contrast to noise ratio (CNR) as follows:172

CNR =
µa − µb

1
2 (σa + σb)

(1)

where µa is the mean and σa the standard deviation of the elastin lamellae, and µb is the mean and σb the173

standard deviation of the ground matrix.174

175

For the ease of segmentation of the elastic lamellae from the ground matrix, two smaller ROIs were selected176

in the media layer, one close to the intima and a second one close to the adventitia. The following filters177

were applied to each ROI with the same parameters using the Dragonfly software (Object Research Systems178

(ORS) Inc, Canada [46]): a) median filter with a kernel size 7, a cross shape, and 1 iteration b) unsharp filter179

with a kernel size 9, a standard deviation of 2 and unsharp factor of 1, c) Frangi 3D filter with a standard180

deviation of 2, gaussian kernel and binarization from 0.02. Additionally, on the raw ROI images, the number181

of elastic lamellae was computed as the sum of the number of peaks identified on the profile lines.
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Fig. 1: Low and high-resolution image analysis protocol for the penetration speed (a), the contrast enhancement (b) and segmentation
(c). The brighter grey region represents the region where the CESA solution has penetrated, and the darker grey region represents
where it has not yet penetrated (a). xint and xadv front penetration depth on the intimal and adventitial side, respectively.

182

2.5. Uniaxial tensile tests and data processing.183

As a uniaxial tensile test is destructive, different samples had to be used for the different time points. There-184

fore, four samples per experimental group and per time point were placed in their respective solution for185

3 days, 8 days, and 17 days. The number of samples, which was four, was determined through a power186

analysis aimed at ensuring statistical significance. For the Post-Harvest group, 8 samples were tested imme-187

diately after thawing and for the PBS group 6 samples instead of four were tested at 3 days of immersion188
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c. Mechanical workflow
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Fig. 2: Experimental workflow of the paper. (a = adventitia, m = media, i = intima and n = number of samples).

in the solution in addition to four samples for 8 and 17 days. Once immersed during their respective stain-189

ing time, the sample thickness was measured with a micro-laser scanner (Gocator 2300, LMI technologies,190

Canada). Then, the samples were tested with a Messphysik-Zwick/Roell uniaxial tensile testing machine191

(Zwick/Roell, Germany) under displacement control. The samples were mounted using metallic toothed192

clamps and were placed in a PBS liquid bath at 37°C to replicate the in vivo conditions. A preload of 0.5193

N was applied to avoid sagging of the sample and loads were applied with increasing magnitude at a set194

testing speed of 1 mm/s. Preconditioning of 5 loading cycles was repeated for every load magnitude step195

going from 5% load to 50% load with 5% load increments. A typical uniaxial test with these conditions196

lasts 5 minutes. A speckle pattern with graphite powder was deposited on the sample for strain mapping197

with 2D digital image correlation (DIC) using the software VIC-2D (Correlated Solutions, USA). The area198

of interest to compute the correlation was defined by the neck region of the dogbone sample in its reference199

configuration. A subset of 53 pixels and a step size of 7 pixels were used. Thanks to the VIC-2D DIC200

analysis, the spatial distribution of the Green-Langrange strain components along the principal experimen-201

tal direction (i.e. circumferential direction) was computed. The 1st Piola-Kirchhoff stress P was computed202

by dividing the reaction forces measured RF(t) by the undeformed cross-sectional area A0. The 1st Piola-203

Kirchhoff stress-stretch curve was plotted and the tangential stiffness corresponding to the slope of the curve204

was computed at a stretch level of λ = 1.1. Figure 2 represents the workflow of the mechanical tests once205

the samples were stained, including the thickness measurement taken.206
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2.6. Statistical analysis.207

JMP Pro 16 (Statistical Discovery LLC, USA) and GraphPad Prism 9 (GraphPad Software, USA) were used208

for the statistical analysis and data visualization. To compare the mechanical properties of the 6 stained209

groups with the Post-Harvest and PBS control groups, student’s t-tests were performed after logarithmic210

transformation of the measured values to guarantee normality. The comparisons were made two by two211

between the Post-Harvest group and each of the stained groups as well as the PBS control group. Then,212

the Bonferroni correction was applied, which consists in multiplying the p-values obtained by a correction213

factor equal to the number of comparisons made minus one. To assess whether the staining time had an214

influence on the mechanical properties within the same staining group, a Tuckey test was performed for the215

three different staining time points within one stained group. Then, again the Bonferroni correction was216

applied to the obtained p-values. To compare the initial penetration speed and the volume difference from217

unstained to stained samples of the different CESAs solutions, an ordinary one-way ANOVA with Tukey’s218

multiple comparisons test was performed. A p-value lower than 0.05 is considered significantly different219

and is denoted by ∗, p < 0.01 is denoted by ∗∗, and p < 0.001 is denoted by ∗ ∗ ∗ in the following Figures.220

3. Results221

All CESA solutions increased the contrast of the tissue constituents and revealed the elastic lamellae in222

porcine aortic tissue.223

Elastin and collagen fibers are two fibrous constituents present in arteries that play an important role in the224

mechanical behavior. Being able to accurately visualize them is crucial to better understand the link between225

the microstructure and its mechanical behavior. Thanks to CECT, it is possible to accurately visualize226

in 3D the elastic lamellae present in arteries (Fig. 3). Here, we demonstrate the differences in contrast227

enhancement and the segmentation of elastic lamellae for all six CESA solutions. First, we quantified the228

contrast enhancement resulting from every CESA solution at low-resolution after 17 days of staining (18229

µm voxel size - Fig. 3). PTA and Lugol staining gave the highest contrast increase (i.e. an absolute mean230

grey value of 193.7 ± 10.1 GV and 164.5 ± 6.5 GV , respectively), followed by Hf (119±0.5 GV). Doubling231

the concentration of Mono-WD POM slightly increased the contrast by about 10% (i.e. Mono 35: 93.7±1.5232

GV , Mono 70: 102.7±0.6 GV). SPT (83.4 ± 2.6 GV) resulted in the smallest contrast increase. Unstained233

samples had a mean grey value of 39 ± 0.5 GV . A well-suited CESA solution should not only provide234

contrast increase globally but should also allow to distinguish the tissue constituents, such as the elastic235

lamellae from the ground matrix and to easily segment them. Therefore, the contrast to noise ratio (CNR)236

between the elastic lamellae (appearing bright grey) and the ground matrix (appearing darker grey) was237

analyzed for every CESA solution at high-resolution (2.2 µm voxel size). Moreover, two regions of interest238

(ROIs) were selected to characterize the ease of segmentation of the elastic lamellae; one ROI closer to the239

adventitia layer and a second ROI closer to the intima layer. Hf gave the highest contrast to noise ratio,240

followed by Lugol and PTA. Indeed, the elastic lamellae are highly distinguishable from the background241

for Hf, Lugol and PTA, enabling a smooth and easy segmentation. Mono 35, Mono 70, and SPT displayed242

lower contrast to noise ratio. Although at the low-resolution scale doubling the concentration of Mono-243

WD POM increased the contrast enhancement, at the high-resolution it decreased slightly the CNR. Indeed,244

when looking at the two ROIs of Mono 70, the elastic lamellae are difficult to distinguish, and therefore,245

the segmentation contained more noise characterized by speckles. SPT solution induced a fuzziness and246

blurriness of the elastic lamellae. The high-resolution image acquisition was repeated for three samples and247

the presence of fuzziness was consistently observed in each of them. Moreover, the SPT compound was248

reduced during the staining process, evidenced by samples obtaining a deep blue color [47, 48].249

The penetration speed of the CESA solutions varies between CESAs and from the intimal side to the adven-250

titial side.251

As potential deterioration of the tissue could arise during the staining process performed at room tempera-252

ture, it is important to know on average the minimal staining time needed for the different CESA solutions253

for full staining. Therefore, we investigated the penetration speed of the different CESA solutions. All254
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Fig. 3: Contrast-enhancement of the different CESA solutions for the low-resolution protocol, n=3 (a). Contrast to noise ratio between
the elastic lamellae and the ground matrix for the different CESA solutions (b). Bars represent the mean, and error bars indicate the
standard deviation for multiple measurement obtained on one sample (n=1). High-resolution protocol with a zoom on two regions
of interest one close to the adventitia and a second one closer to the intima, where elastic lamellae were segmented for each CESA
solutions and the number of elastic lamellae was computed, n=1 (c).
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CESAs exhibit slower diffusion within the tissue when coming from the adventitial side in comparison to255

the intimal side. On average, there is approximately 60% penetration of the CESA from the intimal side,256

whereas the adventitial side shows a penetration of around 40%. This 60%-40% ratio was independent of257

the adventitia thickness, which varied strongly from one sample to another (Figure 4). This means that the258

adventitia layer (i.e. its microstructural constituents and thickness) was not responsible for slowing down259

the penetration of the CESAs in the tissue. Moreover, the penetration speed varied from one CESA solution260

to another and was not constant over time (Fig. 4.a-b). Lugol solution is the fastest to penetrate the tissue261

(initial intimal penetration speed 3884 µm/day), followed by both Mono-WD POM solutions. Doubling262

the concentration of Mono-WD POM did not significantly increase the penetration speed (2642 µm/day for263

Mono 35, 2811 µm/day for Mono 70). SPT solution had an intermediate penetration speed of 1927 µm/day.264

Hf and PTA solutions possessed the lowest penetration speed with no significant differences between the two265

POM solutions (1084 µm/day for Hf, 938 µm/day for PTA). Knowing that the average thickness of the 18266

different samples at their unstained state was 1631±279 µm, it shows that the penetration speed is non-linear267

and decreases over time. For example Mono-WD POM solution requires two to three days to reach full268

staining of the tissue, although its initial intimal speed is 1.5 times the average sample thickness.269
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Fig. 4: Graphs representing the intimal (a) and adventitial (b) penetration depth in function of time in a log-log scale. The initial
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270

The staining process causes volume changes for the different CESA solutions.271

Not only the contrast enhancement or penetration speed is important when selecting a suitable CESA for 4D-272

CECT, but also the potential destructiveness of the CESA solution. Here, we quantified the degree of relative273
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tissue shrinkage/swelling compared to their unstained volume. Despite Lugol solution being buffered with274

Sorensen’s buffer, it caused an important initial tissue shrinkage (-10.5% after 3 hours and -15.5% after 6275

hours), which continued to increase up to -17.1% after 1 day, at which all samples stained with Lugol were276

fully stained. PTA solution was the only POM solution that also caused a noteworthy tissue shrinkage at277

the end of the staining process (-12.1% after 17 days, at which all PTA samples were fully stained). All278

the other POM solutions caused swelling of the tissue. Hf solution induced the strongest swelling (+18.5%279

after 6 hours and +21.6% after 8 days of staining at which all Hf samples were fully stained). No significant280

difference in swelling was obtained for the two different concentrations of Mono-WD POM (+11.5% for281

Mono 35 and +11% for Mono 70 after 6 hours of staining, +15.6% for Mono 35 and +15.1% for Mono282

70 after 3 days of staining at which all Mono 35 and Mono 70 samples were fully stained). SPT solution283

induced the least swelling (+5% after 6 hours and +9.8% after 3 days at which all SPT samples were fully284

stained) with, however, the highest variability (i.e. 95% lower and upper confidence intervals on the mean:285

-18.48 to 38.17).
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PTA and Lugol solutions affect the mechanical properties of vascular tissues.287

Being able to mechanically load arterial tissue and visualize the microstructural constituents deforming288

with 4D-CECT could help us to better understand disease progression and better predict when to perform289

an intervention. However, the CESA solution used for 4D-CECT should not influence the mechanical290

properties of the arterial tissue. We investigated the stiffness change induced by the six CESA solutions291

compared to the Post-Harvest group and the PBS group (Fig. 5). For all the conditions, the staining time did292

not show significant influence (Fig. 5.a). The in-house synthesized POMs and SPT solutions did not alter293

the mechanical properties. However, PTA did significantly alter the mechanical properties (+513% stiffness294

change for PTA 17d) in comparison with the Post-Harvest group. Lugol solution also induced a significant295

stiffness increase for the time point 8 days (+74%) and 17 days (+72%) with respect to the Post-Harvest296

group. Lugol and PTA solutions are, therefore, unsuitable for 4D-CECT.297

4. Discussion298

CECT imaging provides non-destructive 3D microstructural information on soft biological tissue. In liter-299

ature, various compounds have been employed as contrast-enhancing staining agents (CESAs). However,300

limited understanding exists regarding their impact on microstructural and mechanical properties. Never-301

theless, when aiming to integrate CECT imaging with in situ mechanical testing (4D-CECT), it is crucial302

to ensure that the selected CESA does not modify the mechanical properties of the tissue. Therefore, we303

investigated six different CESA solutions based on three imaging criteria (i.e. penetration speed, contrast304

enhancement, ease of segmentation) and two mechanical criteria (i.e. volume and stiffness change). For305

each criterium, we attributed a positive sign (+) or negative sign (−) to indicate the strengths and limitations306

of each CESA solution (Table 3). We demonstrated that the Hf solution is suitable for 4D-CECT of arterial307

tissue, and it is our preferred choice due to its ability to enhance contrast and to not affect the mechanical308

properties.309

310

Table 3: Comparison of the different CESA solutions for their contrast-enhancement and influence on the mechanical properties (+
referred to a positive contribution, − referred to a negative contribution).

Imaging Criteria Mechanical Criteria

CESA solutions Penetration
speed

Contrast
Enhancement

Ease of
Segmentation

Volume
Change

Stiffness
Change

PTA - + + - -
Hf - + + - +

Mono 35 + - - + +

Mono 70 + - - + +

SPT + - - + +

Lugol + + + - -

For all the CESA solutions investigated in this study, we have shown that the penetration speed differed311

from the intimal side to the adventitial side and followed a 60%-40% penetration ratio, respectively. This312

ratio is independent of the adventitia layer thickness, which varied strongly from one sample to another. We313

hypothesize that this 60%-40% ratio can be due to the denser packing of the elastic lamellae towards the ad-314

ventitia (Fig. 4.d). Another hypothesis could be that the POMs and Lugol have a higher affinity with elastin315

lamellae, resulting in a slower diffusion process if the protein density increases towards the adventitia layer.316

Hence, when determining the average staining time required for a specific thickness of an elastic arterial317

tissue sample, it is essential to consider the difference in microstructure between the adventitial side and the318

intimal side.319

320
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In this study, we included PTA as it is a widely used CESA in the field of CECT. In the literature, PTA is321

mostly reported to be dissolved in ethanol or water but both caused substantial tissue shrinkage [20, 49].322

Here, we investigated PTA (2 mg/ml) dissolved in PBS. It resulted in very good contrast enhancement and323

good contrast difference between the elastic lamellae and the ground matrix, facilitating the segmentation324

and shedding light on why this CESA is used so frequently despite its known tissue shrinkage effect. Indeed,325

PTA dissolved in PBS also induced significant tissue shrinkage (-12% after 17 days of staining) and signifi-326

cantly affected the mechanical properties of arterial tissue. This tissue shrinkage and stiffening of the tissue327

could be related to the high acidity, concentration or super-chaotropic behavior of PTA [50, 51]. The acidity328

of the PTA solution could induce coagulation of nucleic acids and certain proteins, leading to increased329

stiffness. The difference in PTA solution concentration compared to other CESA solutions makes it difficult330

to exclude a concentration effect, which could contribute to a stiffer mechanical behavior. Moreover, PTA331

and SPT in our study are chaotropic POMs, characterized by low charge density and high symmetry, unlike332

Hf and Mono, which have higher charge density. Buchecker et al. demonstrated that certain POMs with333

delocalized charges and sufficient size exhibit a super-chaotropic nature. Upon binding of a chaotropic ion334

to a protein, hydration water molecules are released from both the ion and the surface into the bulk water,335

resembling dehydration [50]. This could explain the significant shrinkage induced by PTA solution and the336

resulting stiffening of mechanical properties. However, despite also being chaotropic, SPT does not exhibit337

such behavior. Therefore, dedicated experiments are required to confirm these hypotheses, including a tis-338

sue integrity study and stiffness analysis based on incubation time, for different solutions with varying pH339

levels, containing chaotropic and less-chaotropic POMs at different concentrations and incubation times.340

However, based on our findings, we do not recommend using PTA for 4D-CECT imaging.341

342

Lugol solution gave excellent contrast-enhancement of the elastic lamellae and allowed accurate segmen-343

tation of them. Despite the use of a buffered Lugol’s solution as described by Dawood et al. [33] to limit344

volume shrinkage, this Lugol solution with Sorensen’s buffer induced the most tissue shrinkage of all CESA345

solutions investigated. It also led to a high stiffness change, which was significantly different from the post-346

harvest group for a staining time above 8 days. 3 days of staining were sufficient to reach full staining of the347

arterial tissue and the stiffness change induced by Lugol solution was not significant for 3 days of staining.348

Still, we would not recommend this CESA for 4D-CECT, as despite the use of a stronger buffer and in349

contrast to Dawood et al. [33], high tissue shrinkage was present after only a few hours in the staining solu-350

tion (-10.5% after 3 hours). The tissue shrinkage could be partially due to the hypertonicity of the solution351

(545 mOsm). However, Maes et al. used an isotonic Lugol (i.e. final molarity of 5mM) and also reported352

significant tissue shrinkage for bovine muscular tissue (-19% after 1 day of staining) [37].353

354

SPT solution was included as potential CESA candidate for 4D-CECT because Helfenstein-Didier et al.355

used it to study arterial dissection under 4D-CECT [17]. In their study, they imaged samples stained for 1356

day and 2 days at low-resolution. However, on their images, it was clear that SPT had not fully diffused357

in the tissue as dark regions, indicative of unstained tissue, were still present in their images. Our results358

showed that the minimal staining time for SPT solution was 3 days to reach full staining of porcine aortic359

tissue. They mentioned that they did not further increase the staining time because they observed a fuzziness360

in their images [17]. We imaged three samples stained 17 days with SPT at high-resolution (i.e. 2.22µm)361

and we confirm the presence of fuzziness (Fig. 3). In terms of contrast to noise ratio, SPT solution still362

gave a similar value to Mono-WD POM solutions and induced the least volume change of all CESA solu-363

tions (+9.8%) with, however, a large deviation on the mean (i.e. 95% lower and upper confidence intervals:364

-18.48 to 38.17). Helfenstein-Didier et al. mentioned that SPT had no effect on the mechanical properties365

compared to their control group, but only mechanically assessed it for one staining time point (1 day). We366

confirm that the SPT solution induced no change in mechanical properties for staining time points up to 17367

days. The SPT solution is not the preferred choice for 4D-CECT due to the presence of fuzziness observed368

in the CECT images.369

370

For the in-house synthesized POMs, the Hf solution possessed similar imaging results to Lugol and PTA371

solutions, with a high contrast difference between the elastic lamellae and the background as well as good372
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segmentation results. Mono 35 and Mono 70 solutions, on the other hand, gave lower contrast-enhancement,373

especially for Mono 70 for which the distinction of the elastic lamellae was more complicated and the seg-374

mentation of it was more noisy and speckled compared to the other CESA solutions. This could indicate375

unspecific deposits of the POM between the elastic lamellae. In contrast to the PTA solution, they all in-376

duced a swelling of the tissue. Hf solution induced the most swelling (+21.5%). However, the Hf samples377

were the first ones to be imaged after thawing (at time point 0 h), and they spent comparatively less time in378

PBS compared to the other samples for the same imaging time point. This could suggest that the Hf sam-379

ples rehydrated promptly after the thawing process, leading to potentially smaller swelling. Indeed, Lisa et380

al. demonstrated that the porcine aorta exhibited on average a swelling of +4% when stained with the Hf381

solution after , as compared to its fresh state [52]. Maes et al. showed that bovine muscle tissue swelled by382

+7% after 7 days due to Hf staining [45]. Mono 35 and 70 solutions induced less swelling and we showed383

that doubling the concentration of Mono-WD POM did not influence the swelling effect (15.5% for Mono384

35 and 15% for Mono 70). Despite this swelling of the in-house synthesized POMs, no significant change385

in the mechanical behavior was observed for all staining time points. The Hf solution is our preferred op-386

tion for 4D-CECT of arterial tissue because of its excellent contrast-enhancing properties and its absence of387

influence on the mechanical properties of porcine aorta.388

389

Our study has some limitations. The use of porcine aortic tissue makes our findings only valid for elas-390

tic arterial tissue. This study could be extended to other types of blood vessels from different species, as391

well as other types of soft tissue to draw general conclusions about the suitability of a CESA for 4D-CECT.392

Moreover, all samples were snap-frozen at -78◦C in liquid isopentane for preservation purposes before being393

thawed and mechanically tested. The effect of freezing on the mechanical properties has not been addressed394

in this study but would be interesting to explore in future research to better understand its potential influence395

on the material’s behavior. Furthermore, the CESA solutions investigated in this study did not possess the396

same molar concentration. For each CESA, we selected typical mass percentages, based on literature, for397

which good contrast enhancement was reported. This makes the comparison between the different CESA398

solutions more complicated, as not only the CESA plays a role, but also its concentration in the solvent.399

Furthermore, the number of samples was limited. For the penetration speed and volume analysis, three400

samples per CESA solution were investigated, and only one sample per CESA solution was analyzed at401

higher resolution for contrast enhancement. For the influence on the mechanical properties, on average four402

samples per CESA solution per staining time point were used. Finally, the optimal staining time for each403

CESA solution could not be assessed, as it would require more samples and more staining time points. In404

this study, we gave an approximation of the staining time needed for every CESA solution, which is only405

valid for porcine aortic tissue. If other tissue types would be of interest, a new study should be conducted to406

estimate the optimal staining time required for this tissue.407

408

5. Conclusion409

Understanding the link between microstructural and mechanical properties of arterial tissue is crucial for410

better understanding how arteries adapts and remodels due to ageing and diseases. For this purpose, in situ411

mechanical loading combined with 3D microstructural imaging using CECT can be used and is referred412

to as 4D-CECT. In this study, we investigated six different CESA solutions for their suitability for 4D-413

CECT imaging of arterial tissue microstructure. We focused on three imaging criteria (penetration speed,414

contrast-enhancement, and ease of segmentation) and two mechanical criteria (change in volume and stiff-415

ness change) to evaluate and compare each CESA solution. PTA and Lugol were discarded for 4D-CECT416

due to their significant tissue shrinkage and stiffening effects, despite their excellent contrast-enhancement417

properties. Consequently, the remaining POMs exhibited the most favorable behavior by not affecting the418

mechanical properties. In terms of contrast enhancement and ease of segmentation, Hf displayed superior419

performance, rendering it the preferred CESA for 4D-CECT of arterial tissue. We also showed that the420

penetration speed of all CESA solutions followed a 60%-40% ratio from the intimal side to the adventitial421

side, possibly because of the denser packing of elastic lamellae towards the adventitia. Our study provides a422



M. Pétré et al. / Tomography of Materials and Structures 00 (2024) 1–17 15

methodical strategy for selecting and comparing various CESA solutions for (4D-)CECT, offering valuable423

new insights.424
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