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a b s t r a c t 

To improve the current treatment for vascular diseases, such as vascular grafts, intravascular stents, and 

balloon angioplasty intervention, the evaluation of the native blood vessel microstructure in full 3D 

could be beneficial. For this purpose, we used contrast-enhanced X-ray microfocus computed tomogra- 

phy (CECT): a combination of X-ray microfocus computed tomography (microCT) and contrast-enhancing 

staining agents (CESAs) containing high atomic number elements. In this work, we performed a compara- 

tive study based on staining time and contrast-enhancement of 2 CESAs: Monolacunary and 1:2 Hafnium- 

substituted Wells-Dawson polyoxometalate (Mono-WD POM and Hf-WD POM, respectively) for imaging 

of the porcine aorta. After showing the advantages of Hf-WD POM in terms of contrast enhancement, 

we expanded our imaging to other species (rat, porcine, and human) and other types of blood vessels 

(porcine aorta, femoral artery, and vena cava), clearly indicating microstructural differences between dif- 

ferent types of blood vessels and different species. We then showed the possibility to extract useful 3D 

quantitative information from the rat and porcine aortic wall, potentially to be used for computational 

modeling or for future design optimization of graft materials. Finally, a structural comparison with ex- 

isting synthetic vascular grafts was made. This information will allow to better understand the in vivo 

functioning of native blood vessels and to improve the current disease treatments. 

Statement of significance 

Synthetic vascular grafts, used as treatment for some cardiovascular diseases, still often fail clinically, po- 

tentially because of a mismatch in mechanical behaviour between the native blood vessel and the graft. 

To better understand the causes of this mismatch, we studied the full 3D microstructure of blood vessels. 

For this, we identified Hafnium-substituted Wells-Dawson polyoxometalate as contrast-enhancing stain- 

ing agent to perform contrast-enhanced X-ray microfocus computed tomography. This technique allowed 

to show important differences in the microstructure of different types of blood vessels and in different 

species, as well as with that of synthetic grafts. This information can lead to a better understanding of 

the functioning of blood vessels and will allow to improve current disease treatments, such as vascular 

grafts. 
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. Introduction 

Vascular diseases are a major cause of death and disability. The 

ost common forms of diseases of the arteries include atheroscle- 

osis [ 1 , 2 ], aneurysm [ 3 , 4 ], stiffening of the wall due to ageing

 5 , 6 ], and dissection [7–9] . Venous diseases, such as chronic venous

nsufficiency and varicose veins, are also prevalent [10–12] , caus- 

ng venous wall injuries and inflammation with significant physi- 

al and psychological impact. To treat complications, proper surgi- 

al actions must be undertaken. In the case of vessel calcification 

nd occlusion, one of the most common vascular pathologies, dif- 

erent options exist, such as bypass surgery. Bypasses are made us- 

ng autologous vessels or prosthetic vascular conduits also known 

s vascular grafts. For the latter, elastic polymers have often been 

sed with the aim of matching the elastic behavior of the host 

rteries. Although polymer-based synthetic bypass grafts, such as 

acron [13–16] and Gore-Tex [ 17 , 18 ], are clinically used, complica- 

ions that affect their performance still remain, such as mechani- 

al failure and progressive dilation [19–21] . It is often hypothesized 

hat this is due to a mismatch in compliance between the graft and 

he native vessel and due to biocompatibility issues [22–26] . 

Another potential reason for clinical complication is that animal 

odels are often used to study cardiovascular diseases and their 

reatments. However, the microstructure and composition of the 

lood vessels might vary from one species to the other. Through 

lassical 2D histological studies, structural differences have already 

een observed between human and porcine aortic tissues [27] . 

oreover, disease treatments are often not adapted from one blood 

essel type to the other. Structural differences between the porcine 

orta and vena cava have been studied through classical 2D his- 

ology and multiphoton imaging, showing important differences in 

lastin and collagen content and orientation of these fibers, lead- 

ng to differences in mechanical properties [28] . For the study of 

ascular diseases or disease treatment options, differences in ves- 

el microstructure should be considered. 

For better understanding and treating vascular diseases or for 

btaining better tissue models, there is a need to better charac- 

erize the microstructure and mechanical properties of diseased 

issues [ 29 , 30 ] but also to visualize and quantify the structural 

roperties of healthy tissue in 3D at high resolution on ex vivo 

arvested samples. This could lead to a better understanding of 

he link between microstructure and proper functioning of the 

essel and of the influence of disease on the microstructure and 

his information is important to improve the design of vascular 

rafts. 

Blood vessels are typically described as being composed of 

hree main layers: the tunica intima (single layer of endothelial 

ells), the tunica media (contains mainly elastic lamellae, collagen 

bers, and smooth muscle cells (SMCs)), and the tunica adventi- 

ia (composed mainly of fibrous connective tissue, such as colla- 

en fibers). Different types of arteries can be distinguished. The 

argest arteries in the body are highly elastic, as they contain a 

ot of elastin and collagen in their tunica media conferring them 

ulse-smoothing properties. The medium-sized vessels or muscu- 

ar arteries have a larger quantity of SMCs to contract and ex- 

and in order to supply blood to the peripheral system. Veins and 

enules are thinner and are composed of lower amounts of SMCs 

nd elastin, since they transport low-pressure blood [31] . 

2D histological sectioning techniques are still the gold standard 

or microscopical tissue visualization, but they are not well suited 

or 3D visualization. Scanning electron microscopy [ 32 , 33 ], confo- 

al laser microscopy [ 34 , 35 ], and multiphoton microscopy [ 28 , 36 ]

ave shown their potential to produce high-resolution, 3D images, 

ut they only allow visualization of small tissue volumes. Light 

heet fluorescence microscopy allows fast imaging of larger tis- 

ues but at lower resolution [37–39] . X-ray microfocus computed 
304 
omography (microCT) has proven to provide high-resolution, 3D 

icrostructural information of larger and complex materials. To 

isualize the different soft tissue constituents in the vessel wall, 

ynchrotron phase-enhancement is often required [40–43] . How- 

ver, access to synchrotron equipment is limited and costly. Lab- 

ased absorption microCT is more readily available and can be 

sed to visualize the different low X-ray-attenuating soft tissues 

sing contrast-enhancing staining agents (CESAs). This technique is 

hen referred to contrast-enhanced microCT (CECT). CECT has been 

pplied for imaging vascular tissues, but many limitations are still 

resent today in terms of spatial resolution and the invasive char- 

cter of the CESAs being used [44] . Butters et al. [45] and Balint 

t al. [46] have investigated the diffusion kinetics of different CESAs 

n biological tissues, such as Lugol’s iodine solution (I 2 KI), phos- 

hotungstic acid (PTA), and phosphomolybdic acid (PMA). These 

ESAs are commonly used for CECT of the cardiovascular system 

47–50] . However, they have shown to be destructive [50–53] . Io- 

ine will participate in multiple chemical reactions with the tis- 

ue, and as a consequence of these reaction mechanisms, protons 

re released in the solution acidifying the staining solution [53] . 

TA and PMA are considered very acidic compounds [53] and will 

arm the tissue by inducing extensive tissue shrinkage, resulting 

n an altered microstructure. In previous studies, our group has 

hown the potential of Monolacunary and 1:2 Hafnium-substituted 

ells-Dawson polyoxometalates (Mono-WD POM and Hf-WD POM, 

espectively) for non-destructive staining of kidney and soft skele- 

al tissues [ 54 , 55 ]. Mono-WD POM and Hf-WD POM are synthe- 

ized as the salt of the acid and, hence they are not acidifying 

he solution, causing less tissue shrinkage. However, these POMs 

ave never been used for imaging blood vessels. In this study, 

e assessed the penetration rate and the contrast-enhancement 

n the porcine aorta by Mono-WD POM and Hf-WD POM. Pro- 

iding superior contrast-enhancement, Hf-WD POM was used as 

ESA for the remainder of the experiments, in which a compari- 

on was made between different species (rat, porcine, and human) 

or two vessel types (aorta and femoral artery) and between dif- 

erent porcine vessel types (aorta, femoral artery, and vena cava). 

e additionally quantified the 3D thickness of the different ves- 

el layers as well as different structural parameters of the elastic 

amellae in the porcine aorta. We showed the potential of CECT 

o image an atherosclerotic human femoral artery. Finally, we per- 

ormed a structural characterization of different currently clinically 

sed synthetic vascular grafts to assess their differences with na- 

ive tissue. 

. Materials and methods 

.1. Animal age, sex and origin 

Porcine aortas were obtained from the slaughterhouse (RIMA 

leesgroothandel, Mechelen, Belgium and WestVlees, Staden, 

elgium). The rat aortas and femoral arteries were gathered 

rom waste material from a study at the CARD department 

UCLouvain) approved by local authorities (Comité d’éthique fac- 

ltaire pour l’expérimentation animale, 2016/UCL/MD/027 and 

021/UCL/MD/012) and performed in accordance with the Guide 

or the Care and Use of Laboratory Animals, published by the 

S National Institutes of Health (NIH Publication, revised 2011). 

he human aortas were remaining material from body donations 

UCLouvain Biothèque, notification number BB190051). The porcine 

emoral arteries were obtained from Landrace pigs autopsied dur- 

ng ongoing experiments at the Department of Cardiac Surgery of 

U Leuven (ECD 026/2019). The human femoral arteries were do- 

ated by the European Homograft Bank (donor bank). An end-stage 

therosclerotic human femoral artery was obtained from an ampu- 

ated patient (EC Research S number: S62776). 
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.2. Preparation of the blood vessels 

For each type of healthy blood vessel, only three samples were 

arvested, due to time constraints and limited sample availability. 

ll the biological tissues were fixed using 4% formaldehyde (FA) 

n phosphate-buffered saline (10 mM, pH = 7.4) (PBS), for 48 h 

t 4 °C on a shaker plate to improve CESA diffusion. The porcine 

nd human aortas and the porcine vena cavas were cut in square- 

haped samples of 1 × 1 cm. The orientation of the samples (cir- 

umferential vs. axial direction, luminal vs. adventitial side, proxi- 

al vs. distal side) was referenced by cutting a small triangle from 

he upper right corner of each piece of tissue. For the rat aor- 

as and the rat, porcine, and human femoral arteries (healthy and 

iseased), the entire circumference of the sample was kept and a 

iece of 0.5 cm (rat femoral artery) or 1 cm (for all the others) in

ength was used. For the CECT and classical 2D histology comparison 

tudy, a smaller piece of porcine aorta of 0.5 × 0.8 cm was cut. 

or the different aortas, the samples were always dissected from 

he descending thoracic aorta. 

.3. Contrast-enhancing staining agents 

The Monolacunary Wells-Dawson POM α2 -K 10 P 2 W 17 O 61 •20H 2 O 

 α2 -P 2 W 17 or Mono-WD POM) and 1:2 Hafnium(IV)-substituted 

ells-Dawson POM K 16 [Hf( α2 -P 2 W 17 O 61 ) 2 ] •19H 2 O ( α2 -HfP 2 W 17 or

f-WD POM) were synthesized as described in literature [ 56 , 57 ]. 

or the penetration rate and contrast-enhancement study, samples 

ere stained either with Mono-WD POM or with Hf-WD POM. 

or all the other studies, Hf-WD POM was used. Staining solu- 

ions (pH = 7.32) were prepared by dissolving 35.0 mg/mL (3.5%) 

OM in PBS. For the Mono-WD POM, 3 mg/mL of lithium chloride 

LiCl) was added as previously described [ 54 , 58 ]. Samples were 

mmersed in separate tubes, containing 5 mL of staining solution 

ach. This ensured that the volume of CESA solution was at least 

0 times the volume of the samples. Staining time was differ- 

nt for all the samples depending on their size. For the penetra- 

ion rate study, different staining times were applied (0, 3, 6, 9, 

4, 48, 72, 168, 240, 360 h). For the contrast-enhancement study, 

orcine aortas were stained 15 days with Hf-WD POM and 48 h 

ith Mono-WD POM + LiCl. For the CECT and classical 2D histology 

omparison, the porcine aorta was stained 7 days. The rat aortas, 

at femoral arteries, and porcine vena cavas were stained for 48 h. 

he porcine and human femoral arteries (healthy and diseased) 

ere stained for 7 days. The human aortas were stained for 12 

ays. Biological samples were removed from their staining solution 

nd wrapped in parafilm in their wet state to avoid dehydration 

r degradation during acquisition. They were placed and attached 

n a dedicated sample holder to avoid any movement during CECT 

cquisition. 

.4. Synthetic grafts 

Three different synthetic grafts were purchased: Dacron 

DuPont, USA), Gore-Tex (Gore, USA), and Vectra (Thoratec labora- 

ories corporation, USA). Dacron (polyethylene terephthalate, PET) 

nd GoreTex (expanded polytetrafluoroethylene, ePTFE) are used 

n a surgical procedure to bypass a diseased blood vessel, while 

ectra (three-layered polyetherurethaneurea with non-porous layer 

nder the luminal surface) is a specialty graft for creating vascular 

ccess in hemodialysis [59] . The grafts were cut in square-shaped 

ieces of 1 × 1 cm. The synthetic grafts were not stained, they 

ere placed and attached in a dedicated sample holder to avoid 

ovement during microCT acquisition. 
305 
.5. High-resolution microCT imaging 

MicroCT datasets were acquired using a Phoenix NanoTom M 

GE Measurement and Control Solutions, Germany) equipped with 

 180-kV/15W energy micro/nanofocus X-ray tube. The detector 

rea is 2400 × 3072 pixels (height x width). A diamond-coated 

ungsten target was used for all scans. The biological samples were 

tained with a CESA and then imaged with microCT (referred to as 

ECT). The synthetic grafts were imaged with microCT (no stain- 

ng). An overview of the microCT and CECT acquisition parame- 

ers is given in Table 1 . The expected resolution is two to three

ime the voxel size [60] . The microCT and CECT datasets were re- 

onstructed with the Datos|x software (GE Measurement and Con- 

rol Solutions) and exported as XY slices (.tiff). A beam harden- 

ng correction (BHC) of 6 was applied for biological tissues and 7 

or the synthetic graft materials. BHC goes on a scale from 0 (no 

orrection applied) to 10 (very strong correction applied). Three 

ifferent filters were applied: inline median (projections are fil- 

ered during reconstruction using a 3 × 3 median filter which 

educes the noise in the volume), ROI-CT (increases the resolu- 

ion of the CT dataset for a selected ROI of the object), and fil- 

er volume (volume is filtered in slices after reconstruction using 

he Unsharp Masking Filter). For the penetration rate and contrast- 

nhancement study, samples were imaged together with a reference 

aterial (aluminum oxide bead (Al 2 O 3 )) for gray value normaliza- 

ion. In all the other cases, the reference materials were air and 

arafilm. 

.6. Classical 2D histological assessment 

One previously CESA-stained and CECT-imaged biological sam- 

le of each kind was washed in PBS for at least 1 day to remove

esidual staining solution of the surface of the sample and was 

hen embedded in paraffin. The embedding protocol goes as fol- 

ows: samples were placed in successive baths: formalin solution 

37 °C, 45 min), ethanol 70% (37 °C, 30 min), ethanol 90% (37 °C, 

5 min), isopropyl alcohol (4 baths, 37 °C, 30 min, 45 min, 1 h, 

 h), toluene (3 baths, 37 °C, 45 min, 1 h, 1 h), paraffin (4 baths,

8 °C, 30 min, 1 h, 1 h, 1 h). Samples were then embedded in

araffin in a cassette and cooled down for the paraffin to harden. 

ections with a thickness of 5 μm were cut using a microtome and 

tained with Verhoeff’s stain. Histological sections were imaged us- 

ng a SNC400 Slice Scanner (Leica Microsystems, Germany). 

.7. Image processing and analysis 

For each acquired dataset, an in-house developed Matlab 

Mathworks, Natick, USA) script was used to convert the 16-bit- 

lices (.tiff) to 8-bit slices (.bmp), while simultaneously adapt- 

ng the grayscale histograms of the datasets to normalize them 

o each other [ 55 , 61 ]. Then, all the datasets were segmented us-

ng the Magic Wand and Watershed segmentation tools in the 

vizo software (Thermo Fischer Scientific, Massachusetts, USA) 

o remove the background. All 3D renderings were generated in 

vizo. 

.8. Statistical analysis 

GraphPad Prism 9 (GraphPad Software, California, USA) was 

sed for the statistical analysis and data visualization. Normality 

nd homoscedasticity of the residuals were checked before doing 

ach statistical test. To ensure that normality and homoscedas- 

icity were met, a logarithmic (Log10) transformation of the data 

as sometimes necessary. When a comparison was made between 

wo groups, a two-sided t -test was performed. The Welch’s cor- 

ection was applied in case of unequal variances. A nonparametric 
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Table 1 

MicroCT and CECT acquisition parameters for all types of samples. 

Porcine 

aorta 

(Fig. 

1A-D) 

Porcine aorta 

(Fig. 1E-F, Fig. 

3, Fig. 4, Fig. 

5, suppl. 

Video 1) 

Porcine 

aorta 

(Fig. 2) 

Rat aorta 

(Fig. 3 

and Fig. 

5) 

Human 

aorta 

(Fig. 3) 

Porcine femoral 

artery (Suppl. Fig. 

1, Fig. 4, suppl. 

Video 1) 

Rat 

femoral 

artery 

(Suppl. 

Fig. 1) 

Human 

femoral 

artery 

(Suppl. 

Fig. 1) 

Porcine 

vena cava 

(Fig. 4, 

suppl. 

Video 1) 

Atherosclerotic 

human femoral 

artery (Video 

1) 

Synthetic 

grafts 

(Fig. 6) 

Isotropic voxel 

size (μm) 

8.6 2.75–2.8 4/1.68 1.12 1.5–2 1.75–2.5 1 2.72–3.11 2.75 2.5 3 

Source voltage 

(kV) 

80 70 60/90 70 70 80 70 60–80 80 120 50 

Tube current 

(μA) 

450 168 281/78 60 90–120 90 60 160–190 140 80 250 

Exposure time 

(ms) 

500 750 500 500 500 500 500 500 500 500 500 

Mode 0 0 0 0 0 0 0 0 0 0 0 

Number of 

images 

1800 2400 2400 2400 2400 2400 2400 2400 2400 2400 2400 

Average 1 3 1/3 3 2-3 3 2 1 1 3 1 

Skip 0 1 0/1 1 1 1 1 0 0 1 0 

Fast scan mode YES NO YES/NO NO NO NO NO YES YES NO YES 

Scan time (min) 15 129 34/86 89 60–129 89 69 20 20 86 20 
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est was performed in case the distribution was not normal. When 

ore than two groups were compared, a one-way ANOVA was ap- 

lied, followed by a Tukey’s multiple comparisons test. Welch’s 

orrection was applied in case of unequal variances, followed by a 

unnett’s T3 multiples comparisons test. A mixed-effects analysis 

as performed when n = 3 with repeated measures, followed by 

 Bonferroni’s multiple comparisons test. The Geisser-Greenhouse 

orrection was applied in case of unequal variances, followed by a 

ukey’s multiple comparisons test. P -values below 0.05 were con- 

idered to be significant; ns p > 0.05, ∗ p ≤ 0.05, ∗∗ p ≤ 0.01, ∗∗∗

 ≤ 0.001, ∗∗∗∗ p ≤ 0.0 0 01. For the distribution graphs ( Fig. 5 ), p -

alues were calculated based on the difference between the mean 

f the distributions. All the statistical tests were verified after con- 

ultation with a statistician. In the bar graphs, the mean value of 

he different sam ples is indicated by the height of the bars and in-

ividual values are also represented. Error bars represent the stan- 

ard deviation. 

) Penetration rate and contrast-enhancement study. 

The datasets of the same samples (number of samples ( n ) = 2 

or both Mono-WD POM and Hf-WD POM) but different time 

oints were registered to each other (Avizo registration wizard). A 

olume of interest (VOI) of 400 slices was selected for each dataset. 

ne registered slice from each dataset for each time point was 

hen selected and the grayscale values along a line through the 

ample were computed using Dataviewer (Bruker Micro-CT, Kon- 

ich, Belgium). As the adventitia (loose connective tissue) has a 

ariable thickness and is stained rapidly (fully stained after 3 h for 

ll samples), it was not considered in the grayscale value measure- 

ents. A point at x = 0 mm was defined at the location where the

unica media starts (on the side of the adventitia). The remaining 

egment was discretized into smaller segments of 86 μm (10 pix- 

ls). The gray value for each small segment was the mean value of 

ll the values from the segment. The grayscale for three different 

ocations inside the tissue was stored: 14.5 pixels (0.0985 mm ap- 

roximated to 0.1 mm), 44.5 pixels (0.3025 mm ∼ 0.3 mm), and 

4.5 pixels (0.50 6 6 mm ∼ 0.5 mm). The experimental data was fit 

o an exponential plateau equation ( Eq. 1 .). 

 = I max − ( I max − I 0 ) e 
( −kt ) (1) 

here I 0 is the mean of all gray values at t = 0, I max is the mean

ray value at the latest time point, and k is found by minimizing 

he sum of squared values between the curve and the experimental 

ata. Finally, a saturation level of I 
I max 

= 99% was defined, which al- 

owed to compute the staining time necessary for each position in- 
306 
ide the tissue. This data was fit to an exponential equation ( Eq. 2. )

 = Ae cx (2) 

here t is the staining time, x is the location inside the tissue and 

 and c are constants that have been fitted to minimize the sum 

f squared values between the curve and the experimental data. 

On high-resolution CECT images of smaller pieces of porcine 

orta ( n = 3), the contrast difference between the elastic lamel- 

ae and the background (mainly collagen and SMCs) was deter- 

ined by calculating the grayscale difference between peaks and 

alleys of grayscale lines drawn perpendicular to the orientation of 

he elastic lamellae on 2D slices (in-house developed Python code). 

hree lines were drawn on 16 slices for each dataset ( n = 3 per

ondition). 

B) CECT and paraffin embedding: volume comparison study. 

Three fresh pieces of porcine aorta were imaged at low resolu- 

ion (4 μm voxel size), then fixed in 4% FA and imaged again at low

esolution (4 μm). The pieces were stained in Hf-WD POM and im- 

ged at low resolution (4 μm) and high resolution (1.68 μm). They 

ere then embedded in paraffin and imaged again at low (4 μm) 

nd high resolution (1.68 μm). The low-resolution imaging allowed 

o visualize the entire samples and compute their volume to make 

 comparison between fresh, fixed, stained, and embedded tissue 

olumes. The high-resolution datasets only allowed to visualize a 

mall VOI in the sample and were registered to each other to al- 

ow a one-on-one visual comparison between stained and embed- 

ed tissue ( n = 3). 

C) Inter-species differences study. 

For the three types of aortas and the three types of femoral 

rteries, the adventitia and the media were segmented from each 

ther using the Avizo software (Magic Wand and Watershed seg- 

entation tools). The thickness distribution of each layer (me- 

ia and adventitia) was computed using the 3D analysis in CTAn 

Bruker MicroCT, Kontich, Belgium), which uses a sphere-fitting al- 

orithm [62] on binarized images. We chose to remove all thick- 

esses below 1% in the frequency thickness distribution. The mean 

nd standard deviation of the thickness of the media and the ad- 

entitia were then computed for all samples and normalized to the 

ull vessel thickness. Thickness of the media and adventitia were 

ompared between each other for each vessel type. The full thick- 

ess of each vessel was also computed and compared between 

pecies ( n = 3 per sample type). 
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) Comparison study between different types of blood vessels. 

Avizo was used to generate a video comparing the microstruc- 

ure of the porcine aorta, femoral artery, and vena cava in 3D. The 

hickness of the media and adventitia of the vena cava were com- 

uted in 3D with CTAn in the same way as for the femoral arter- 

es and the aortas. For each type of porcine blood vessel (aorta, 

emoral artery, and vena cava), the thickness of each layer was 

ormalized to the thickness of the entire wall and was plotted to 

ompare the relative thickness of each layer ( n = 3 per sample 

ype). 

E) Quantification of different structural parameters in different 

types of blood vessels. 

In the rat and in the porcine aortas, three VOIs of 

50 × 54 × 60 pixels (approximately 280 × 60 × 67 μm) and 

50 × 150 × 150 pixels (420 × 420 × 420 μm), respectively, were 

elected on each side (intima and adventitia) of the medial layer 

f each aorta ( n = 3 samples). Each VOI was filtered using the fol-

owing filters, available in Avizo: median filter (interpretation 3D, 

eighborhood 6, iterations 3), deblur (sharpening factor 5), me- 

ian filter (interpretation 3D, neighborhood 6, iterations 3), de- 

lur (sharpening factor 5), and Gaussian filter (interpretation 3D, 

ernel type separable, standard deviation 1, kernel size factor 2). 

he elastic lamellae were segmented using the Magic Wand tool 

Avizo). The following parameters were computed for the elastic 

amellae using the 3D thickness analysis (CTAn): thickness distri- 

ution (μm), separation (or distance between elastic lamellae) dis- 

ribution (μm), and connectivity density (connectivity, determined 

y calculating the Euler characteristic, divided by sample volume 

n μm 

−3 [63] ). The volume fraction (volume of elastic lamellae over 

otal VOI volume) and the tortuosity of the elastic lamellae inside 

 VOI were computed using Tau factor, a Matlab tool developed by 

ooper et al . [55] . The tortuosity factor τ is computed by calculat- 

ng the reduction in diffusive transport caused by convolution in 

he geometry of heterogeneous media ( Eq. 3 .). 

 

e f f = D 

ε

τ
(3) 

here ε is the volume fraction of the conductive phase; D is the 

ntrinsic diffusivity of the conductive phase; and D 

e f f is the effec- 

ive diffusivity through a porous volume where the second phase 

s insulating. 

F) Comparison between healthy and atherosclerotic human 

femoral artery: imaging and segmentation 

The different tissue constituents of an atherosclerotic human 

emoral artery were segmented with Avizo using the magic wand 

nd watershed segmentation tools. A video was generated in Avizo 

o compare the healthy and the atherosclerotic human femoral ar- 

eries. 

) Structural analysis of the synthetic grafts. 

For the evaluation of the structural parameters (fiber thickness, 

ber separation, and fiber volume fraction), images were filtered 

Gaussian filter, 3D space, squared kernel with radius 3) and bina- 

ized using manual thresholding, and structural parameters were 

omputed with the 3D analysis tool (CTAn) ( n = 5 for Dacron and

 = 6 for Gore-Tex and Vectra). The fiber thickness is the aver- 

ge thickness of the material present between the pores (μm). The 

ber separation is the average size of the pores (μm). The volume 

raction in the volume of the object (fibers) divided by the total 

olume of the graft (%). 
307 
. Results 

.1. Screening of CESAs based on penetration rate and 

ontrast-enhancement 

To select the optimal CESA for blood vessel staining and the vi- 

ualization of the blood vessel wall microstructure, the penetration 

ate and contrast-enhancement of both Mono-WD POM and Hf-WD 

OM were compared using porcine aorta samples. Visual compari- 

on showed that the penetration is faster for Mono-WD POM than 

or Hf-WD POM ( Fig. 1 A). After 48 h, the tissue was fully stained

ith Mono-WD POM, while it was only fully stained with Hf-WD 

OM after 15 days ( Fig. 1 B-D). Hf-WD POM staining resulted in a 

igher final gray value than Mono-WD POM staining, confirmed by 

he different plateau level of the normalized gray value. High reso- 

ution images (2.75–2.8 μm voxel size) were then used to compare 

he microstructure of the same tissue with both CESAs ( Fig. 1 E–F). 

rom these images, we assume more POM is present in the elastic 

amellae when staining with Hf-WD POM compared to Mono-WD 

OM ( Fig. 1 E–F). This was confirmed by measuring the difference 

n contrast between the elastin sheets and the background for both 

ESAs ( Fig. 1 H). Classical 2D histological sections colored with Ver- 

oeff’s stain confirmed that the bright areas in the CECT images 

re the elastic lamellae ( Fig. 1 G). Because of the higher contrast 

etween the elastic lamellae and the background ( i.e. SMCs and 

ollagen) for Hf-WD POM staining compared to Mono-WD POM, 

his CESA was selected for the remainder of the experiments, de- 

pite its slower penetration through the tissue. 

.2. Sample preparation for classical 2D histology causes tissue 

eformation 

Classical 2D histology is still the reference in the field and is 

ften used to validate CECT-based acquired images. To evaluate 

he influence of sample preparation and image acquisition of both 

echniques on tissue integrity, the volumes of different pieces of 

orcine aorta were computed at different stages of the sample 

reparation ( Fig. 2 ). The fixation of the tissue in 4%FA induced a 

hrinkage of 18.5% ± 4.0% compared to the fresh state ( Fig. 2 B), 

hile the staining with Hf-WD POM caused an increase in volume 

f 17.9% ± 3.9% ( Fig. 2 C) compared to the fixed state. Subsequent 

mbedding in paraffin for classical 2D histology caused a decrease 

n volume of the tissue of 45.3 ± 3.1% compared to the fresh state 

nd of 43.0% ± 3.1% compared to the stained state ( Fig. 2 D). It

hows that validation of CECT using classical 2D histological sec- 

ions is possible only in a visual manner but not quantitatively. 

.3. Important differences in microstructure between the rat, porcine 

nd human aorta and femoral artery 

The difficulty in obtaining human tissue often leads to the 

se of animal models, which are then extrapolated to humans. 

owever, differences between species are an important factor to 

onsider when studying diseases or treatment options. Here, rat, 

orcine, and human aortas and femoral arteries were compared 

isually and using layer thickness measurements to show the dif- 

erences in microstructure and size of the arteries among these 

pecies ( Fig. 3 and Suppl. Fig. 1 ). For all species, there is a het-

rogeneous arrangement of the elastic lamellae present in the me- 

ial layer of the aorta, although this is much less present for the 

at aorta ( Fig. 3 A). Close to the intima, the sheets are less densely

acked and more wavy while close to the adventitia, the sheets 

re densely packed to each other and less wavy. The porcine and 

uman aorta have a similar thickness, while the rat aorta is sig- 

ificantly thinner than both. However, the normalized thickness of 

he adventitia and the media compared to the full vessel thickness 
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Fig. 1. CESA staining in function of time: Mono-WD POM and Hf-WD POM . (A) CECT-based cross-sections for a few selected time points, the color-legend scalebar goes 

from 0 to 255 of gray values and the gray value histogram is shown below in red. (B-C) Normalized gray value in function of time for different locations ( x ) inside the tissue 

and fitted with an exponential decay curve for (B) Mono-WD POM and (C) Hf-WD POM. Dotted vertical line represents full staining of the tissue. (D) Staining time needed 

for the CESA to reach a certain distance inside the tissue. Comparison of high-resolution CECT-based cross-section of porcine aorta stained with (E) Mono-WD POM and 

(F) Hf-WD POM and comparison with (G) classical 2D histological analysis with Verhoeff’s stain, a = adventitia, m = media, red arrowhead = elastic lamella. (H) Contrast 

difference between elastic lamellae and background (SMCs and collagen) for Mono-WD POM and Hf-WD POM-stained samples. Scalebar = 1 mm for (A) and 0.2 mm for 

(E-G), number of samples ( n ) = 2 (B-D) and n = 3 (H), ∗ p ≤ 0.05 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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s similar for all species. The media is the thickest layer with ap- 

roximately 82% of full vessel thickness on average for all species 

 Fig. 3 B). Contrary to the aorta, for the femoral artery, there are

lear visual differences in microstructure between the porcine and 

uman samples (Suppl. Fig. 1). In the porcine femoral artery, the 

xternal elastic lamina (EEL) is a thick layer of connected sheets 

 ∼131 μm) and we defined it to be part of the media where most

f the elastin is located. In the human and rat femoral arteries, the 

EL is composed of only one (rat) or a few (human) elastic lamel- 
308
ae. The variation in full vessel thickness between all three species 

s larger for the femoral artery with an increasing thickness going 

rom rat (average thickness = 81.48 μm) to porcine (average thick- 

ess = 671.37 μm) to human (average thickness = 1328.73 μm). 

he difference in normalized thickness between media and adven- 

itia is highly variable among species. The average media thick- 

ess is 47.97%, 85.88%, and 69.60% of full vessel thickness for 

he rat, porcine, and human femoral artery, respectively (Suppl. 

ig. 1). 



L. Leyssens, T. Balcaen, M. Pétré et al. Acta Biomaterialia 164 (2023) 303–316 

Fig. 2. Volume comparison of a piece of porcine aorta: fresh, fixed in FA, after Hf-WD POM staining, and after paraffin embedding. CECT-based sections of porcine aorta 

(A) fresh, (B) after fixation in FA, (C) after staining with Hf-WD POM and (D) after embedding in paraffin. (E) Overlay of CECT-based volumes after Hf-WD POM staining (red 

translucent) and after embedding in paraffin (blue). (F) Volume comparison between fresh, fixed, after Hf-WD POM staining, and paraffin embedding. Scalebars = 500 μm, 

n = 3, ∗ p ≤ 0.05, ∗∗ p ≤ 0.01, ns p > 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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.4. Microstructural differences between the porcine aorta, femoral 

rtery, and vena cava 

Differences in the microstructure of the different types of blood 

essels in the porcine animal model were found: aorta (elastic 

rtery), femoral artery (muscular artery), and vena cava (vein). This 

hows that treatment options may need to be adapted according 

o the blood vessel type for optimized treatment. For this reason, 

t is important to understand the 3D arrangement of the blood 

essel wall constituents as can be obtained from CECT-based high- 

esolution images ( Fig. 4 ). The relative thickness of each layer (me- 

ia and adventitia) varies according to the function of the blood 

essel and hence the blood vessel type (Suppl. Video 1). The aorta 

as the thickest medial layer relative to its full thickness with elas- 

ic lamellae throughout because it needs to be able to stretch dur- 

ng ventricular contraction and subsequently return to its origi- 

al shape ( Fig. 4 A). The femoral artery has a thinner medial layer.

s it is a muscular artery and is responsible for distributing the 
309 
lood to the lower limbs, it is less subjected to the heart contrac- 

ions and high-pressure changes and needs fewer elastic lamellae 

hroughout its media. It has a prominent internal elastic lamina 

IEL) and EEL ( Fig. 4 B). The vena cava is characterized by its thin

edial layer compared to its thick adventitia. It is the largest vein 

n the body and is responsible for bringing the deoxygenated blood 

ack to the heart and is not subjected to high blood pressures 

 Fig. 4 C). 

.5. Quantification of structural parameters of different tissue 

onstituents in different types of blood vessels 

To better understand the 3D blood vessel wall microstructure, 

t is important to be able to quantify the structural parameters 

f its constituents. This information can be used as input for the 

esign of optimized treatments, such as vascular grafts. In the rat 

nd porcine aorta, the elastic lamellae in the media can be seg- 

ented to visualize their 3D arrangement and quantify their struc- 
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Fig. 3. Differences in microstructure between the rat, porcine and human aorta. (A) Comparison of CECT-based high-resolution images of the rat, porcine, and human 

aorta stained with Hf-WD POM, showing a 3D representation in the first column, a 2D slice in the second column, a comparison with classical 2D histology with Verhoeff’s 

stain (VVG) on a small ROI in the third column and the results of the layer thickness measurements in the last column, the color-legend scalebar represents the thickness 

for each vessel layer. (B) Comparison between the normalized media and adventitia thickness for the three species (left Y-axis) and comparison of the full vessel thickness 

between the three species (right Y-axis). White arrow = media, red arrow = adventitia; yellow arrow = elastic lamella, n = 3, ∗∗∗ p ≤ 0.001, ∗∗∗∗ p ≤ 0.0 0 01, ns p > 0.05. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Microstructural differences between the porcine aorta, femoral artery, and vena cava. CECT-based representations of the porcine (A) aorta, (B) femoral artery, and 

(C) vena cava. Red arrow = adventitia, white arrow = media, yellow arrow = internal elastic lamina, pink arrow = external elastic lamina, black arrow = elastic lamella, 

blue arrow = adipocytes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

310 
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Fig. 5. Quantitative structural parameters extracted from the media of the porcine aorta. Visual differences between an ROI selected in the media, close to the intima 

(orange) and close to the adventitia (blue) and representative VOI with thickness and separation (distance between elastic lamellae) of the elastic lamellae represented with 

a color scale bar for the (A) rat aorta and (B) porcine aorta. Quantitative parameters of the elastic lamellae computed on VOIs close to the intima (orange) or close to the 

adventitia (blue) (each datapoint represents the average of three selected VOIs): (C,H) thickness distribution, (D,I) separation distribution, (E,J) tortuosity factor, (F,K) volume 

fraction, and (G,L) connectivity density. Scalebar = 100 μm for (A) and 400 μm for (B), n = 3, ∗ p ≤ 0.05, ns p > 0.05, p-values given for graphs C, D, H, and I are for the 

comparison between mean values of the distributions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ural parameters ( Fig. 5 ). VOIs at the intimal and at the adventi-

ial side of the media were selected ( Fig. 5 A,B) to show the dif-

erences in thickness distribution ( Fig. 5 C,H), average separation 

 Fig. 5 D,I), tortuosity ( Fig. 5 E,J), volume fraction ( Fig. 5 F,K), and

onnectivity density ( Fig. 5 G,L) of the elastic lamellae depending 

n their location in the media. In the rat aorta, the elastic lamel- 

ae are homogeneous throughout the media. No significant dif- 

erences are observed between the adventitial and intimal sides 

f the media for any on the structural parameters characterizing 

he elastic lamellae. In the porcine aorta, on the intimal side of 

he media, the elastic lamellae are thinner (difference in average 

hickness is significant with p = 0.0377 ∗) with a larger, although 

ot significant, distance between them. The spread of the thick- 

ess distribution of the elastic lamellae is similar at the adventi- 

ial and intimal sides, indicating that the variation in thickness is 

he same throughout the media. It is important to note that the 

hicker sheets at the adventitial side can be partly explained by 

he fact that they are so close together (in some cases touching 
311 
ach other) that multiple sheets are sometimes detected as one. 

he larger spread of the separation distribution at the intimal side 

han at the adventitial side is explained by the higher variation in 

istance between elastic lamellae, and hence the higher tortuos- 

ty of the sheets. Additionally, their volume fraction is lower on 

he intimal than on the adventitial side of the media. The latter 

s not significant, but the variation on the tortuosity factor is much 

igher on the adventitial side. The connectivity density of the elas- 

ic lamellae is larger on the intimal side than on the adventitial 

ide of the media, although not significantly. The elastic lamel- 

ae in the porcine aorta are approximately 3 times thicker than in 

he rat aorta. The elastic lamellae of the rat aorta are on average 

ore wavy (higher tortuosity factor) and hence, their volume frac- 

ion is lower. It can also be observed that the average connectiv- 

ty density of the elastic lamellae is lower in the rat aorta. This 

tructural information is important because the elastic lamellae 

re a key constituent for assessing the mechanical behavior of the 

orta. 
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.6. CECT-based imaging allows to visualize and segment the 

ifferent tissue constituents of an atherosclerotic human femoral 

rtery 

Using CECT, it is also possible to visualize and segment the 

issue constituents of diseased blood vessels, such as atheroscle- 

otic arteries (Video 1). A visual comparison was made between a 

ealthy and an atherosclerotic human femoral artery. In both ves- 

els, the media and the adventitia were segmented. In the diseased 

essel, the atheroma and the calcified regions of the vessel were 

ocated and segmented. 

ideo 1. Segmentation of a healthy and diseased human femoral artery. CECT- 

ased 3D representations of a (left) healthy and (right) an end-stage atherosclerotic 

uman femoral artery. Segmentation of the different vessel layers (media and ad- 

entitia) in both vessels and segmentation of the atheroma and calcified regions in 

he diseased blood vessel. 

.7. The microstructure of different synthetic vascular grafts is highly 

ariable and different compared to the native tissue 

When the function of a blood vessel is compromised by dis- 

ase and needs to be replaced, arterial bypass surgery can be 

erformed. Currently used synthetic vascular grafts still lack in 

iocompatibility and appropriate compliance. We compared the 

icrostructure of several currently used synthetic grafts ( Fig. 6 ). 

acron and Gore-Tex are both composed of a single layer with ho- 

ogeneous properties ( Fig. 6 A). The microstructure of Dacron and 

ore-Tex described here does not match that of the native tissue, 

hich is usually composed of three layers having a heterogeneous 

omposition. Vectra does contain three self-bonded microporous 

ayers: an inner layer (foam), a self-sealing middle layer or sheet, 

nd an outer layer (foam), containing a coiled wire ( Fig. 6 A). These

ayers still have a homogeneous microstructure, not resembling 

hat of the native tissue. The 3D visualization of the microstruc- 

ure of the grafts with CECT is useful to compare them with native 

issue and shows that their microstructure is very different. Some 

mportant structural parameters of these vascular grafts were de- 

ermined: fiber thickness ( Fig. 6 B), separation ( Fig. 6 C) and volume

raction ( Fig. 6 D). Dacron has the thickest fibers with an average 

olume fraction of around 72.46 %. Gore-Tex has the smallest pores 

ith an average volume fraction of around 77.77 %. Vectra only has 

n average volume fraction of 25.02 %. These parameters are in- 

eresting to compare synthetic grafts between them but it remains 

ifficult to compare them to native tissue. In native tissue, collagen 

bers and elastic sheets are present for example, and it is not al- 

ays trivial or relevant to compare the fibers of the grafts to these 

onstituents. 

. Discussion 

Cardiovascular occlusive diseases are commonly treated with 

he help of synthetic vascular grafts [64–66] . However, the latter 
312 
till fail in many cases because their functional properties are not 

ptimized to match with those of the native tissue. The mismatch 

n compliance and caliber, and the stress concentration at the in- 

erface between graft and native tissue lead to abnormal shear 

tresses at the vessel wall, still creating a gap in functional behav- 

or between both [24] . Since ‘form follows function’ and vice versa 

67] , the microstructure of the current synthetic vascular grafts 

ight not be appropriate to match their functional properties with 

hose of the native tissue. Native vessels are composed of different 

unctional layers, which themselves also have an inhomogeneous 

tructure. As an example, in the porcine model, the medial layer, 

ne of the three main layers of the aorta, contains elastic lamellae 

ith varying waviness and thickness from one side to the other, 

s shown in our study ( Fig. 5 ). Additionally, often the same syn- 

hetic grafts with only a difference in diameter are used for the 

ifferent types of blood vessels, which have a different microstruc- 

ure. All this makes the microstructural comparison and matching 

f the functional properties of synthetic vascular grafts with na- 

ive tissue challenging. We were able, in this study, to determine 

he microstructural properties, such as the fiber thickness, the fiber 

eparation and the fiber volume fraction of the most common clin- 

cally used synthetic grafts. Dacron and Gore-Tex are currently clin- 

cally used as vascular conduits, but they both have a homoge- 

eous microstructure throughout, explaining some of the many is- 

ues that remain in terms of biocompatibility. Vectra is currently 

ot used as a bypass graft for diseased vessels, but rather as an 

rteriovenous graft to optimize hemodialysis, by increasing pres- 

ure and blood flow through the vein. Its microstructure is not yet 

ptimal but its layered structure provides insights for the design 

f new materials that more accurately replicate the functional be- 

avior of the artery. Although the comparison between grafts and 

ative tissue, based on structural parameters, is challenging, the 

D microCT-based images of the grafts and the 3D CECT-based im- 

ges of the native tissue are helpful to further optimize the de- 

ign of grafts. New innovative methodologies involving vascular tis- 

ue engineering have been explored to mitigate the poor patency 

ates of synthetic grafts, especially for small-caliber grafts. They 

nvolve the vascular cell seeding of polymeric scaffolds [68–70] . 

owever, effort s are still required to obtain ideal mechanical and 

iological performance. To improve treatment options, microstruc- 

ural knowledge on current synthetic grafts as well as of native 

issue is crucial. 

In the literature, experimental evaluation of pathologies and 

heir treatments is mostly done on one selected blood vessel type 

n one animal. Only few studies report microstructural differences 

etween blood vessels in different species or differences between 

ypes of blood vessels [ 27 , 28 ]. As porcine animal models are of-

en used to study human heart valve-related diseases, under the 

ssumption that these tissues are similar, some groups have in- 

estigated porcine and/or human aortic tissues, focusing on the 

scending aorta and heart valves [ 27 , 71 ]. According to their re- 

ults, care should be taken when using porcine animal models to 

tudy human diseases. However, their microstructural analysis is 

ased on classical 2D histological techniques only. In the current 

tudy, we investigated microstructural differences between three 

pecies (rat, porcine, human) and between three porcine blood ves- 

el types (aorta, femoral artery, vena cava). The tunica media and 

unica adventitia were segmented for all blood vessels. The tunica 

ntima is composed of a single layer of endothelial cells and could 

ot be readily visualized at the spatial resolutions we imaged. Vi- 

ual differences between the rat, porcine, and human aortas and 

emoral arteries were found mainly in terms of spatial arrange- 

ent, shape of the elastic lamellae and microstructural arrange- 

ent of the external elastic lamina. The ratio in thickness between 

he media and adventitia is similar for all species in the aorta 

elastic artery) with a thicker media compared to the adventitia, 
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Fig. 6. Microstructural analysis of synthetic vascular grafts commercially available. CECT-based 3D representations of (A) Dacron, Gore-Tex, and Vectra and comparison 

of fiber (B) thickness, (C) separation, and (D) volume faction. Scalebars = 200 μm, n = 5 (Dacron), n = 6 (Gore-Tex and Vectra), ∗∗∗ p ≤ 0.001, ∗∗∗∗ p ≤ 0.0001. 
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ontaining much more elastic tissue than the media of the femoral 

rtery (muscular artery) to allow it to maintain a relatively con- 

tant pressure gradient despite the pumping action of the heart 

31] . In the femoral artery, the thickness ratio between media and 

dventitia is highly variable among species but the media contains 

uch more SMCs and less elastic tissue. In terms of full vessel 

hickness, the rat aorta is significantly thinner than the porcine 

nd human aorta and the rat femoral artery is significantly thin- 

er than the porcine and human femoral artery. Between the aorta, 

emoral artery, and vena cava, differences mainly were detected 

oncerning the relative thickness of the different layers and their 

ontent in elastic lamellae versus collagen and SMCs. Addition- 

lly, when computing different structural parameters of the elastic 

amellae in the media of the rat and porcine aortas, it was shown 

hat the variation throughout the media is very different for both 

pecies. In the rat aorta, the elastic lamellae are much more ho- 

ogeneous throughout the medial layer than for the porcine aorta. 

n the current literature, parameters such as breaks in the elastic 

amellae are often counted manually on classical 2D histological 

lices [72–74] or shown visually in scanning electron microscopy 

mages [75] . In phase-contrast or synchrotron microCT, some pa- 

ameters have been quantified such as, waviness [76] , and volume 

raction [41] . However, to detect breaks in the elastin, manual an- 

otations are often still required [40] . The advantage of CECT is 
313 
hat after segmentation of the elastic lamellae, structural param- 

ters can be computed automatically and in 3D. However, it re- 

ains non-trivial to quantify change in the structure of the elastic 

amellae. 

In this study, we have mainly imaged small tissue sections to 

btain high resolution images. However, it is also possible to im- 

ge the entire circumference of the different blood vessels. This 

s sometimes at the cost of a loss in resolution, however, this is 

ecessary to study pathological specimens, such as aneurysms or 

therosclerotic plaque, as shown in Video 1 . Indeed, for CECT imag- 

ng to be widely used, it is important to show that it is possi- 

le to apply the technique to diseased heterogeneous blood ves- 

els. We showed the possibility to image and segment an end-stage 

therosclerotic human femoral artery. After segmentation, it is pos- 

ible to obtain quantitative information such as volume of calcified 

issue and volume of the atheroma. It also allows to study where 

nsets of calcifications are occurring and how the microstructural 

onstituents, such as the internal and external elastic lamina are 

ffected by the disease. This is important for better understanding 

he pathogenesis of atherosclerosis, which is still not fully under- 

tood [77] . 

A limitation of our study is that we focused on the imaging of 

lastin as constituent because we did not achieve sufficient reso- 

ution to image the collagen fibers. However, collagen fibers and 
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heir orientation have an important impact on the mechanical be- 

avior and are thus an important wall constituent. Moreover, due 

o time constraints and limited sample availability, only three bio- 

ogical samples per group were assessed. More samples should be 

maged in the future. The goal was to show a proof of concept for 

he quantitative assessment of blood vessel wall structural proper- 

ies using CECT-based imaging. 

To validate CECT data, often classical 2D histology is used 

 40 , 47 , 78 ]. For visual and qualitative validation, this might be ap-

ropriate. However, in this study, we found evidence that classi- 

al 2D histology cannot be used to validate the thickness mea- 

urements of the different wall layers nor for the structural anal- 

sis of the tissue constituents. Our analysis showed a shrinkage of 

he tissue due to fixation in 4% FA of around 18.5%. This shrink- 

ge can be explained due to the cross-linking of the proteins in 

he tissue [79–82] . The staining with Hf-WD POM caused consis- 

ent swelling of the tissues of around 17.9%. Swelling was also ob- 

erved upon staining with Mono-WD POM (data not shown). We 

ypothesize that this is caused by osmotic effects [83] . This means 

hat when POMs and other ions enter the tissue, this seems to be 

ccompanied by an osmotically-driven flow of water molecules in 

he tissue, leading to swelling. When we then prepare the tissue 

or sectioning for classical 2D histology (embedding in paraffin), a 

ore significant decrease in volume of around 43% compared to 

he Hf-WD POM-stained tissue was found. We have also seen that 

he sectioning and colorimetric staining after paraffin embedding 

an cause additional damage/changes to the microstructure of the 

issue (disruption of the adventitial layer of the wall in the aorta 

nd femoral artery, data not shown). Both the substantial tissue 

hrinkage as well as the potential tissue disintegration with clas- 

ical 2D histology show the benefit of using CECT for conservation 

f the tissue integrity for quantitative microstructural characteri- 

ation, provided that the appropriate CESA is used that does not 

ause any tissue deformation. 

We evaluated in this study the use of two polyoxometalates 

POMs), Mono-WD POM and Hf-WD POM, for CECT imaging of the 

ascular tissues. Hf-WD POM and Mono-WD POM are both nega- 

ively charged while tropoelastin, elastin’s subunit, is likely to be 

ositively charged at physiological pH. On the contrary, the other 

roteins present in the blood vessel wall (mainly collagen and fib- 

illin) are likely to have a negative net charge at physiological pH 

net charge at pH = 7.4 determined with Expasy [85] and ClustalW). 

he POMs are thus more likely to interact with elastin compared 

o the other proteins. Concerning their diffusion kinetics, we found 

hat, even though staining time and therefore sample preparation 

ime is reduced using Mono-WD POM, Hf-WD POM allowed a bet- 

er visualization of the microstructure of the blood vessel wall, 

llowing the distinction of the individual elastic lamellae mostly 

resent in the medial layer of the aorta. It must be noted that 

he Mono-WD POM and Hf-WD POM concentrations used in this 

tudy lead to a molar concentration of Mono-WD POM that is ap- 

roximately twice has high as that of Hf-WD POM. This should 

e considered when comparing staining times. However, we as- 

ume that at the same molar concentration, the Mono-WD POM 

ill still penetrate the tissue faster compared to the Hf-WD POM 

iven that it reaches the plateau four times faster on average. In- 

ependently of the staining time, the specificity, and hence the 

inding mechanisms of Hf-WD POM are different from those of 

ono-WD POM. The slow diffusion of the Hf-WD POM most likely 

omes from a stronger POM-protein interaction for this compound 

84] . Hf-WD POM has one Lewis acidic Hafnium atom that has ox- 

dation state + IV, which should improve interaction with proteins, 

uch as elastin [84] . This is not the case for Mono-WD POM. On-

oing research in our group is currently focusing on better under- 

tanding the link between the interactions and the diffusion of the 

ESAs. 
e

314
. Conclusion 

Cardiovascular diseases are still a major cause of death and to 

nhance our treatment strategies, improved knowledge on the na- 

ive tissue microstructure of the blood vessels could be useful. In- 

eed, we emphasized the gap that still remains between existing 

ascular replacement grafts and the native vascular tissue. We have 

hown that Hf-WD POM-based CECT combined with advanced im- 

ge processing and analysis provides a way to visualize the 3D mi- 

rostructure and quantify the structural parameters of the native 

lood vessel wall and synthetic grafts. We showed that this tech- 

ique is advantageous compared to classical 2D histology for struc- 

ural analysis, which induces tissue deformation during sample 

reparation and can thus not be used to extract quantitative data. 

oreover, CECT allows to avoid paraffinization and tissue degrada- 

ion and provides 3D information instead of only 2D. We indicated 

he differences that exist in the microstructure of the blood vessels 

f different species to highlight the importance of carefully choos- 

ng an animal model when studying a disease or disease treatment. 

n the porcine model, the differences between blood vessels were 

lso highlighted to show that disease treatments should also con- 

ider blood vessel type. From the CECT-based representations of 

he blood vessels, we extracted quantitative information, such as 

hickness, separation, volume fraction, and tortuosity of the elastin 

heets of the aorta. This information leads to a better understand- 

ng of the native blood vessel wall. It is important knowledge to 

urther improve the current disease treatments, such as providing 

nput for new and optimized design of synthetic vascular grafts. 
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