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Abstract: Cardiovascular diseases are the most common cause of death worldwide, and they still
have dramatic consequences on the patients’ lives. Murine models are often used to study the
anatomical and microstructural changes caused by the diseases. Contrast-enhanced microfocus
computed tomography (CECT) is a new imaging technique for 3D histology of biological tissues.
In this study, we confirmed the nondestructiveness of Hf-WD 1:2 POM-based CECT and cryogenic
CECT (cryo-CECT) to image the heart in 3D. The influence of the image quality (i.e., acquisition time
and spatial resolution) was assessed for the characterization of the heart structural constituents: heart
integrity, the coronary blood vessels and the heart valves. Coronary blood vessels were visualized
and segmented in murine hearts, allowing us to distinguish veins from arteries and to visualize
the 3D spatial distribution of the right coronary artery and the left main coronary artery. Finally,
to demonstrate the added value of 3D imaging, the thickness distribution of the two leaflets in the
mitral valve and three cusps in the aortic valve was computed in 3D. This study corroborates the
added value of CECT and cryo-CECT compared to classical 2D histology to characterize ex vivo
the structural properties of murine hearts and paves the way for the detailed 3D (micro)structural
analyses of future cardiovascular disease models obtained in mice and rats.
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1. Introduction

Cardiovascular diseases (CVDs) are the most common cause of death worldwide [1].
Among them, ischemic heart disease is the most prevalent one and corresponds to an
insufficient blood supply to the heart muscle, usually due to an obstructed coronary
artery [2,3]. In addition to this disease, the heart can also be affected by congenital heart
diseases, defined as birth structural abnormality of the heart and/or the great vessels, and
heart valve diseases, affecting one or several heart valves [2,4,5]. The number of deaths
caused by CVDs has already decreased thanks to the improvement of prevention and
treatments [6]. However, diseases affecting the heart still have dramatic consequences on
the patient’s physical function, quality of life and longevity [1-5,7].

The proper functioning of the heart is regulated by a complex and heterogeneous
structure (defined by the main constituents of the heart, such as the heart chambers, heart
valves and main vessels) and microstructure (defined by the microscale constituents, such
as the muscle fibers, cells and extracellular matrix) [8,9]. Improving the understanding of
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the healthy (micro)structure-function relationship as well as the (micro)structural changes
caused by diseases is essential to better define, diagnose and treat CVDs. Animal and
especially murine models are often used for such purposes [10-12].

To assess the microstructure, as well as the composition of the heart at the tissue and
cellular levels, classical 2D histology remains the gold standard despite being destructive,
prone to artefacts and relatively labor-demanding and not allowing an isotropic 3D recon-
struction of the tissue [13,14]. To counteract these limitations, 3D imaging techniques are
more and more used, and X-ray-based approaches have especially been investigated to
image heterogeneous organs ex vivo [15,16]. Among them, contrast-enhanced computed
tomography (CECT) has already demonstrated its capability to image the heart and its
constituents, such as the heart valves, the coronary blood vessels and the muscle fibers [17].
Moreover, novel nondestructive contrast-enhancing staining agents (CESAs), such as (1:2)
hafnium(IV)-substituted Wells—-Dawson polyoxometalate (Hf-WD 1:2 POM) [18,19], were
tested, and the technique was further optimized with the development of cryogenic CECT
(cryo-CECT) [20]. With this approach, the biological sample is fixed and stained with
a CESA, frozen and imaged (in frozen state) in an in-house-developed cryo-stage. We
previously demonstrated that cryo-CECT enabled the visualization and characterization of
single muscle fibers in a nondestructive way in healthy and hypertrophic murine hearts.
Moreover, interstitial and perivascular fibrotic regions were visualized with CECT, as
confirmed by colorimetric 2D histology [20]. Despite the ability to visualize individual
muscle fibers using cryo-CECT, the other (micro)structural constituents of the heart (such
as heart valves and coronary arteries) were previously only assessed in mice by destructive
CESAs [21-27], advanced imaging approaches requiring the use of a synchrotron [28,29] or
perfusion of contrast casting agents relying on a fine-tuned preparation and resulting in
the visualization of the lumen of the coronary vessels only [30,31].

The goal of this study was to further optimize CECT for 3D histology of the murine
heart. First, the effect of each sample preparation step on the heart integrity was evaluated
to quantitatively demonstrate the nondestructiveness of Hf-WD 1:2 POM-based CECT
and cryo-CECT. Moreover, the influence of the image quality (i.e., acquisition time and
spatial resolution) on the visualization of various heart constituents was assessed, namely,
the heart integrity, the coronary blood vessels and the heart valves. Finally, the added
value of 3D imaging was shown by computing the thickness distribution of the left-sided
heart valves.

2. Materials and Methods
2.1. Heart Samples

Three wild-type murine hearts were provided by the Pole of Cardiovascular Research
(UCLouvain, IREC, Brussels, Belgium). Animal handling and experimental procedures
were approved by the local authorities (Comité d’éthique facultaire pour 1'expérimentation
animale, 2021/UCL/MD/009) and performed in accordance with the Guide for the Care
and Use of Laboratory Animals, published by the US National Institutes of Health [32]. All
animals were housed with a 12 h/12 h light/dark cycle, with the dark cycle occurring from
6.00 p.m. to 6.00 a.m. Mice were observed daily and had free access to water and standard
chow. Mice were first anesthetized with a single intraperitoneal injection of anesthetic
(ketamine 100 mg/kg and xylazine 10 mg/kg) to induce deep sleep and loss of reflexes.
The chest was opened to expose the heart. The right atrium was incised, and a needle was
inserted in the ventricles to perfuse the heart with PBS and guarantee a complete removal
of blood. Then, hearts were excised and fixed with 10 mL of 4% paraformaldehyde for 48 h
at 4 °C, followed by rinsing for 24 h in PBS.

2.2. Contrast-Enhancing Staining Agent

As a CESA, 1:2 hafnium(IV)-substituted Wells-Dawson polyoxometalate (Hf-WD 1:2
POM, Kis[Hf(otx-PoW17061)2]119H,0) was used. It was synthetized as described in the
literature [33,34]. The Hf-WD 1:2 POM staining solution was prepared by dissolving
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35 mg/mL of Hf-WD 1:2 POM in PBS, and each heart was incubated in 2 mL of solution
for 10 days on a shaker plate at room temperature.

2.3. Microfocus X-ray Computed Tomography (microCT) Imaging

The murine hearts were imaged using microCT at four different steps: after immersion
into the staining solution, after complete staining (referred to as CECT datasets), after
freezing (referred to as cryo-CECT datasets) and after paraffin embedding. All microCT
datasets were acquired with a Phoenix Nanotom M (Backer Hughes Waygate Technologies,
Hiirth, Germany) equipped with a 180 kV/15 W energy nanofocus X-ray tube. A diamond-
coated tungsten target was used. Acquisition parameters for each acquisition step are
described in Table 1. First, the hearts were imaged immediately after immersion in the
staining solution with the low-resolution fast scan mode. Then, after 10 days of staining on
a shaker plate at room temperature, the hearts were removed from the staining solution
and rinsed in PBS. They were placed in fresh PBS to be successively imaged with the low-
resolution fast scan mode and the high-resolution normal multiscan mode (corresponding
to three consecutive datasets acquired over the height of the sample). After CECT image
acquisition, samples were frozen in precooled isopentane at —80 °C and imaged again
with the low-resolution fast scan mode and the high-resolution normal multiscan mode
in an in-house-developed cryo-stage, as described in [20]. The hearts were thawed and
rinsed in PBS before being embedded in paraffin. They were then imaged again with the
low-resolution fast scan mode.

Table 1. MicroCT acquisition and reconstruction parameters. Blue columns correspond to low-
resolution fast scan mode and green columns to high-resolution normal multiscan mode.

Acquisition At Staining After Paraffin
Parameters Starting Point CECT Cryo-CECT Embedding
Experimental In Hf-WD . o .
Conditions 1:2 POM Solution In PBS Frozen in Isopentane at —80 °C In Paraffin
Voxel size (um) 45 4.5 24 45 23 4.5
Source voltage (kV) 90 90 70 90 70 90
Tube current (1LA) 210 210 140 210 135 210
Exposure time (ms) 500 500 500 500 500 500
Tube focus mode 0 0 0 0 0 0
Number of images 1200 1800 2400 1800 2400 1800
Average 1 1 8 1 8 1
Skip 0 0 1 0 1 0
Scanning mode Fast scan mode Fast scan Nor.m al Fast scan mode Nor.m al Fast scan mode
mode multiscan multiscan
AchISltIOT‘l duration 10 15 246 15 246 15
(min)
Beam hardening 9 - - - - 7

correction

The microCT datasets were reconstructed with the Datos | x software (Baker Hughes
Waygate Technologies, Germany) and exported as XY slices ( tiff). An in-house-developed
MATLARB script was used to convert the 16-bit slices (.tiff) to 8-bit slices (.bmp) while
simultaneously windowing the histogram range to the dynamic range of the dataset [20].

2.4. CECT Image Segmentation and Analysis

For each dataset, the heart was segmented from the background using watershed
segmentation and manual corrections (Thermo Fisher Scientific, Bordeaux, France). The
low-resolution fast scan mode datasets were used to quantify the volume of the hearts at
each sample preparation step. They were manually registered to the histological sections
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for comparison. The blood vessels were semimanually segmented on the high-resolution
normal multiscan dataset acquired with CECT using Avizo software (magic wand tool,
Thermo Fisher Scientific, Bordeaux, France). To characterize the left-sided heart valves, the
CECT datasets acquired with high-resolution normal multiscan mode were first cropped in
the heart valve region. Regions of interest were manually selected to segment the aortic and
the mitral valves for each sample (lasso tool, Thermo Fisher Scientific, Bordeaux, France).
Each valve was then further manually segmented to identify the individual cusps and
leaflets, respectively. Their thickness distribution was computed in 3D using CTAn (Bruker,
Kontisch, Belgium). The aortic valve from one sample was not included in the thickness
analysis because the aortic valve was partially sectioned during dissection.

2.5. Data and Statistical Analyses

The heart volume measured on the low-resolution fast scan mode datasets (n = 3) was
statistically tested compared to the reference (T0) using a mixed-effects analysis, with the
Geisser—Greenhouse correction and a Dunnett’s multiple comparison test with GraphPad
Prism 9 (GraphPad Software, La Jolla, CA, USA). In the bar graphs, the mean value for the
different samples is indicated by the height of the bars. Error bars represent the standard
error of the mean, and the individual datapoints are given.

2.6. Colorimetric 2D Histology

Sections of 5 um thickness were cut from the paraffin-embedded samples using a
microtome. They were stained with hematoxylin and eosin (H&E) for comparison with
CECT and cryo-CECT. Histological sections were imaged using a Pannoramic scan 1I
scanner (3DHISTECH, Budapest, Hungary).

3. Results
3.1. Influence of the Sample Preparation on the Heart Volume

The impact of each step in the sample preparation protocol was evaluated by quantify-
ing the murine heart volume at each step (Figure 1). The heart volume at the introduction
to the staining solution was taken as reference (referred to as TO; Figure 1A). The heart
volume increase due to CESA staining (Figure 1B,F) and due to freezing (Figure 1C,F)
was nonsignificant and on average equal to 3.82% and 3.54%, respectively. However, it
decreased significantly by about 42.68% due to paraffin embedding (Figure 1A,D-F). The
overlap of the heart volume after complete CESA staining and after paraffin embedding
highlights this substantial structural change (Figure 1E).

3.2. The Possibility of Visualizing and Segmenting the (Micro)Structural Constituents of the Heart
Depends on the Imaging Quality

We first determined which imaging protocol (CECT or cryo-CECT) and which imag-
ing quality (low-resolution fast scan mode or high-resolution normal multiscan mode)
can be used to visualize and segment the different (micro)structural heart constituents
(Figure 2A-L). We compared all these conditions to classical 2D histology sections of the
same heart (Figure 2M-O). Based on our results, Table 2 gives guidelines for the selection of
the best protocol and image quality for a given heart constituent. While the low-resolution
fast scan mode datasets were sufficient to compute the entire heart volume, the visualiza-
tion of the microstructural constituents, such as the coronary blood vessels and heart valves,
was highly improved in the high-resolution normal multiscan CECT datasets (Figure 2A-D).
High-resolution normal multiscan datasets acquired with cryo-CECT was the only imaging
protocol that enabled the visualization of individual muscle fibers (Figure 2G-L). However,
it caused the collapse of the heart chambers and blood vessels and affected the distinction
of the heart valves. Classical 2D histology confirmed the capability of CECT and cryo-CECT
to accurately image the entire murine heart, the heart valves and the coronary blood vessels
(Figure 2M-0O).
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Figure 1. Effect of each sample preparation step on the volume of the murine heart. (A-D) microCT
orthoslices of a murine heart imaged at four consecutive stages: at the introduction to the staining
solution (TO) (A); after complete staining at room temperature (CECT) (B); after freezing in cooled
isopentane and preservation in the cryo-stage (cryo-CECT) (C); and after paraffin embedding (PE)
(D). (E) Overlaid 3D renderings of the completely stained murine heart imaged with CECT (red)
and after paraffin embedding (gray). (F) Volume quantification of the murine hearts at each sample
preparation step (n = 3). **: p-value < 0.01. Scale bars = 1 mm.

The high-resolution normal multiscan mode CECT dataset allowed the description
of the heart structure in great detail (Supplementary Video S1). The aorta (Ao) and the
four heart chambers (RV: right ventricle, LV: left ventricle, RA: right atrium and LA:
left atrium) were easily identified, as were the two atrial appendages (RAA and LAA).
The four heart valves (PV: pulmonary valve, TV: tricuspid valve, AV: aortic valve and
MV: mitral valve) were also clearly visible with the insertion of the mitral valve into
the papillary muscles (antero-lateral and postero-medial papillary muscles, referred to
as PM1 and PM2, respectively, in Supplementary Video S1). Moreover, it was possible
to distinguish dissection differences between two samples (Supplementary Figure S1,
Supplementary Video S2). One of the samples was slightly cut in the atria (performed dur-
ing sample extraction to properly flush the hearts with PBS) but still comprised both atrial
appendages (Supplementary Figure S1A,C), whereas the second one was totally deprived
of the aorta, the right atrium and the right atrial appendage (Supplementary Figure S1B,D).
While the mitral valve is located between the left atrium and ventricle and should not be
visible from the outside, it was visible in the first sample (Supplementary Figure S1C). In
the second heart, not only the mitral valve but also two aortic valve cusps (the third one
being absent) were seen from the outside (Supplementary Figure S1D).
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Figure 2. Comparison of two imaging protocols (CECT and cryo-CECT), two imaging qualities
(low-resolution fast scan mode and high-resolution normal multiscan mode) and classical 2D his-
tology. (A-L) 2D orthoslices of the entire heart (left), the mitral and aortic valves (center) and the
coronary blood vessels in the myocardium (right) from the CECT (A-C) and cryo-CECT (G-I) datasets
acquired with low-resolution fast scan mode, respectively, and high-resolution normal multiscan
mode (D-F) and (J-L), respectively. (M-O) Classical 2D histology sections of the same heart with
hematoxylin and eosin staining. The blue and red arrows indicate the aortic and mitral valves,
respectively. The green arrows indicate the large coronary blood vessels in the myocardium.

3.3. The Main Coronary Blood Vessels Could Be Visualized and Partially Segmented Using CECT

Based on the high-resolution normal multiscan mode CECT datasets, the main coro-
nary blood vessels could be not only visualized but also partially segmented (Figure 3A,B).
It was possible to discern empty vessels from the ones filled with blood based on grayscale
differences and to distinguish veins from arteries based on the visualization of the thick
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arterial wall, allowing the segmentation of venous and arterial branches, respectively
(Figure 3A,C). Thanks to the visualization in three dimensions, it was possible to distin-
guish and segment the left and right coronary arteries from their origin in the root of the as-
cending aorta up to the branching in the myocardium (Figure 3D, Supplementary Video S3).
The aorta, the right coronary and marginal arteries, the left main coronary artery and the
left circumflex and anterior descending arteries were identified (Figure 3E-H). However,
the segmentation was limited to the largest vessels and was more and more discontinuous
as the vessels divided into smaller branches towards arterioles, venules and capillaries
(Supplementary Video 54).

Blood vessels

Figure 3. Visualization and segmentation of the coronary blood vessel network. (A) Zoom of CECT
orthoslices obtained with the high-resolution normal multiscan mode of the murine myocardium
before (left) and after (right) blood vessel segmentation, demonstrating the distinction of an artery (¥)
and a vein (¢) and the distinction of filled with blood (CJ) and empty (IXI). Segmented blood vessels
are shown in green. (B-D) Three-dimensional rendering of the main blood vessel network segmented
in the murine heart (B), of the arterial (red) and venous (dark blue) branches in the left ventricular
wall (C) and of the segmented right coronary artery (RCA, light blue) and the left main coronary
artery (LMCA, purple) (D). (E-H) Different 2D orthoslices of the murine heart at the level of the
aorta. The main coronary branches are identified as well as some anatomical landmarks. Ao: aorta,
RA: right atrium, RAA: right atrial appendage, RCA: right coronary artery, RmA: right marginal
artery, TV: tricuspid valve, RV: right ventricle, LAA: left atrial appendage, LMCA: left main coronary
artery, AL-MV: anterior leaflet of the mitral valve, LCx: left circumflex artery, LAD: left anterior
descending artery.

3.4. CECT Allowed for the 3D Characterization of the Left-Sided Heart Valves

We demonstrated before that the high-resolution normal multiscan mode CECT
datasets had the best imaging quality to visualize the heart valves. The mitral valve
apparatus and the aortic valve cusps were segmented for illustration (Figure 4A). The ante-
rior and posterior leaflets (Figure 4B) and the right, left and noncoronary cusps (Figure 4C)
were identified for each heart valve, respectively. The thickness distribution of each leaflet
(including the chordae tendineae) and cusp was computed in 3D, showing the added value
of CECT compared to classical 2D histology (Figure 4D-I). The mean thickness of the mitral
valve leaflets ranged from 44.10 um to 58.21 pm, while for the aortic valve cusps, the
mean thickness varied between 60.22 um and 92.97 um. The 3D distribution allowed the
visualization of local variations in the leaflet and cusp thickness (Figure 4FI and Video S5).
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Figure 4. Visualization and thickness assessment of the mitral and aortic valves using CECT.
(A—C) Three-dimensional renderings of the murine heart (in gray) with a longitudinal view showing
the mitral and the aortic valves in red (A); a longitudinal view of the mitral valve segmented into the
anterior (orange) and posterior (blue) leaflets (B); and a top view showing the aortic valve segmented
into the right coronary cusp (RCC, purple), left coronary cusp (LCC, green) and noncoronary cusp
(NCC, red) (C). (D-I) I thickness distribution of each leaflet of the mitral valve and each cusp of
the aortic valve, computed in 3D. Two-dimensional orthoslices of the results (D,G). Bar graphs
comparing the mean thickness of each leaflet in three hearts (E) and each cusp in two hearts (H).
Average histograms of the thickness distribution for the two leaflets in three hearts (F) and the three
cusps in two hearts (I). On the 2D orthoslices, the thickness is represented by the color scale bars, and
on the average histograms, the error bars correspond to the standard deviation.
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Table 2. Summary of the 3D visualization and structural analysis of the heart constituents enabled by
CECT and cryo-CECT for different image qualities.

Low-Resolution High-Resolution Low-Resolution Fast High-Resolution
Fast Scan Mode Normal Multiscan Scan Mode Normal Multiscan
CECT Mode CECT Cryo-CECT Mode Cryo-CECT
Total heart volume
P + + + +
quantification
3D visualization of the + + _ _
heart chambers
Volume measurements of B _ _ _
the heart chambers
3D visualization of the - + _ —
blood vessels
Segmentation of the B 4 _ _
blood vessels
3D visualization of the
+ + — —
heart valves
3D structural analysis of e + _ _
the heart valves
3D visualization the
. — — +— +
muscle fibers
3D structural analysis of . _ _ +

the muscle fibers

4. Discussion

Despite the improvement of prevention and treatments, CVDs remain the major cause
of death worldwide [1]. Murine models are often used to study the healthy (micro)structure
of the heart and to improve the understanding of the disease consequences, the diagnosis
and the potential treatments [10-12]. Whereas previous X-ray-based investigations of the
murine heart mostly relied on destructive or not readily available techniques [17,35], new
CESAs and an extended approach to CECT, namely, Hf-WD 1:2 POM and cryo-CECT,
respectively, recently emerged [19,20]. In this study, we applied Hf-WD 1:2 POM-based
CECT and cryo-CECT to entire murine hearts. We first assessed the influence of each
preparation step on the heart integrity. We then compared (i) two imaging protocols (CECT
and cryo-CECT) and (ii) two imaging qualities (low-resolution fast scan mode and high-
resolution normal multiscan mode). Finally, we demonstrated the added value of 3D
imaging by computing the thickness distribution of left-sided heart valves.

In one of our previous studies, Hf-WD 1:2 POM was already proposed as a nondestruc-
tive CESA that avoids tissue shrinkage, as opposed to destructive CESAs such as Lugol’s
iodine and phosphotungstic acid (PTA) [17-20,36]. The results presented in this study
confirm that Hf-WD 1:2 POM staining for CECT imaging and the subsequent freezing
to perform cryo-CECT do not have a significant impact on the murine heart volume. In
contrast, important tissue shrinkage was observed in the heart after paraffin embedding,
which was nevertheless less visible after 2D sectioning using a microtome (Figure 1E vs.
Figure 2M). We hypothesize that this might be a consequence of tissue relaxation in hot
water between the 2D sectioning and tissue collection on a glass slide. The important tissue
shrinkage observed in the heart due to paraffin embedding (during which the biological
samples are totally dehydrated to progressively replace the water content with liquid
paraffin) could be avoided by using, for instance, cryostat sections, which do not involve
paraffin embedding. However, this usually requires fine-tuning in order to avoid freezing
damage (e.g., when and how to use cryoprotectant and an embedding matrix such as OCT
and the selection of the freezing method) and results in poor structural preservation, such
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as ruptures and cracks [37-40]. These results are added to the well-known limitations of
classical 2D histology, namely, the irreversible cut performed in the sample along with a
single cutting orientation and an anisotropic voxel size (in the rare case that serial sections
were successfully obtained). The analysis can be affected by loss of data caused by different
factors: tissue tearing, folding or washing off during mounting. Moreover, 2D sections
might be misinterpreted [41,42] or the quantification performed on them might produce
unreliable results (due to tissue alterations, staining variation even with a well-defined
protocol or light microscope variability) [43—46]. Altogether, these elements highlight the
superiority of X-ray-based 3D histology, namely, CECT and cryo-CECT, to capture the
heterogeneity of complex organs such as the murine heart. However, unlike classical 2D
histology, CECT and cryo-CECT do not provide information about the composition of
the tissue and the cell phenotype. Nevertheless, as shown in our imaging protocol, the
different approaches (CECT, cryo-CECT and classical 2D histology) can be combined and
successively performed on a single sample.

We also showed that the image quality (time and voxel size) as well as the imaging
protocol (CECT or cryo-CECT) have an important influence on the identification and
analysis of the (micro)structural constituents of the heart. Our study was the first one to
compare these two imaging protocols (namely, CECT and cryo-CECT) and to investigate
the influence of the imaging qualities on the visualization of the heart constituents. It
should be mentioned that the low-resolution scanning mode used in our study (voxel size
of 4.5 um) already corresponds to a high resolution compared to the current literature.
Cryo-CECT was the only imaging modality that allowed the visualization of individual
muscle fibers. Based on these images, quantitative information, such as fiber orientation
and diameter (corresponding to the cross-sectional area of the cardiomyocytes), can also be
obtained. These measures were previously computed on healthy and hypertrophic murine
hearts and were not repeated in the frame of this study [20].

CECT imaging of the great coronary blood vessels allowed the distinction between
venous and arterial branches and between the right coronary artery and the left main
coronary artery. Some vessels were segmented thanks to the presence of blood in the lumen,
which stains strongly with Hf-WD 1:2 POM, but this was highly sample-dependent. For
instance, the alternance of vessels partially filled with blood and partially empty made the
segmentation more difficult and more time-consuming. Therefore, the segmentation of all
recognized blood vessels was highly discontinuous, and small details in branching and
smaller vessels could not be visualized due to (i) the limited spatial resolution, (ii) collapse of
the blood vessels, or (iii) the lack of blood inside the vessel lumen. X-ray-based visualization
of the coronary blood vessel network was demonstrated in previous studies for human
hearts using Lugol’s iodine and graphene oxide in combination with agarose [47], for
rat hearts using phase-contrast imaging [48] and for murine hearts using destructive
CESAs [26,27]. The use of Microfil as a casting contrast agent (CCA) was also investigated
to visualize the coronary blood vessel network in rats [30] and mice [31,49]. However,
the use of CCA necessitates fine-tuned and closely monitored perfusion pressure and
viscosity. Applying the nondestructive Hf-WD 1:2 POM-based CECT approach presented
in this study, with, for instance, even higher spatial resolution imaging in a determined
region of interest, or in combination with postprocessing of the segmented datasets could
help to obtain a better segmentation and more connected blood vessel network. In such
a case, quantitative analysis of the structural properties of coronary blood vessels could
be performed to determine, for instance, the length, diameter and branching of the blood
vessels [50].

Based on the clear visualization of the heart valves and the distinction of the two
leaflets and the three cusps in the mitral and aortic valves using high-resolution CECT,
their thickness distribution was computed in 3D, and local variations were visualized.
Heart valve thickness was previously assessed in other studies based on classical 2D
histology [51-53]. However, in this case, the quantified values highly depend on the cutting
location and orientation and do not allow the assessment of local variations. To counteract
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this limitation, Delwarde et al. used PTA-based CECT to compute the mitral valve leaflet
volume in a rat model of degenerative mitral valve dystrophy. They demonstrated that the
leaflet thickness increase observed in classical 2D histology was associated with a similar
leaflet volume increase computed on the CECT datasets [53]. In comparison with other
CECT-based analyses, such as PTA-based CECT, our study demonstrates the application
of nondestructive CECT at higher resolution than previously conducted, without sample
deterioration (shrinkage being the most common consequence of PTA-based CECT staining).
Our study is the first to assess the 3D thickness distribution of the heart valve leaflets
and cusps using CECT datasets. However, the mean thickness values obtained in our
study contradict previous results reporting that atrioventricular valves (the mitral and
tricuspid valves) are slightly thicker than the semilunar ones (the aortic and pulmonary
valves) [51,54,55]. While it could be a bias from the limited 2D assessment of a 3D structure,
this should be further investigated in additional samples. We are convinced that optimizing
the sample preparation to preserve as much as possible its native microstructure and to
obtain high-resolution imaging could provide more details on the heart valve anatomy
and more information about the possible changes caused by diseases. We foresee several
potential applications to heart valve disease models in which the heart valves are affected
by local anatomical changes, for instance, before the apparition of calcification in the aortic
valve [56-58] or due to degenerative heart valve diseases [53]. It should be noted that
our analysis of the mitral valve considered the entire mitral valve apparatus (leaflets and
chordae tendineae), while having the distinct thickness distribution of the leaflet and the
chordae tendineae, respectively, might be of particular interest in the context of mitral valve
prolapse, for example.

Finally, although having great potential, microCT techniques have several limitations.
First, their use is currently limited by the amount of generated data: between 12 GB of
raw data (radiographs obtained during microCT acquisition before any reconstruction)
for the low-resolution fast scan mode datasets and up to 100 GB of raw data for the high-
resolution normal multiscan mode datasets in this study. Hence, segmentation and 3D
analysis can take several hours or days. Then, in order to be imaged with microCT, the heart
needs to be explanted, which might affect its structure (for instance, the size of the heart
chambers) due to the nonphysiological conditions. For instance, although ex vivo imaging
was previously used to quantify the volume of the ventricles [59], we decided to not repeat
this measure in this study because of the lack of reliability of such analyses. Moreover,
the heart is fixed and stained, and it usually takes several days or weeks to achieve the
complete staining of the sample; furthermore, the resolution limits the visualization of
microstructural constituents (only the muscle fibers can be distinguished but no collagen
and elastin fibers in the extracellular space, for example). This limitation can be avoided by
using phase-contrast imaging. However, this requires the use of synchrotron or advanced
laboratory systems providing information about the X-ray beam phase. Both of them are
poorly available, even though more and more progress is being made to develop lab-based
phase-contrast imaging [29,60,61]. Finally, in comparison to the gold standard classical
2D histology, which is well established in most laboratories, microCT requires specific
infrastructures (which can be expensive, in the range of hundreds of thousands of euros).

Because of its capability to perform 3D structural analysis, Hf-WD 1:2 POM-based
CECT, as presented in this study, could be applied to many disease models, especially
for congenital heart diseases [12,62], coronary heart diseases [12,63] and heart valve dis-
eases [10], and at several stages of embryogenesis. Three-dimensional nondestructive
techniques are of high interest in the study of complex structural diseases, such as tetralogy
of Fallot (combination of four defects in the heart structure) and wrong positioning of the
main vessels, which are two examples of congenital heart diseases. This is particularly
true for challenging samples due, for instance, to their small sizes or due to maceration
(changes in the soft tissues) for which classical analyses might be precluded or lead to a
wrong diagnosis.
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5. Conclusions

In conclusion, this study confirms the added value of X-ray-based 3D histology using
CECT and cryo-CECT compared to classical 2D histology only to characterize ex vivo the
structural properties of murine hearts in laboratories. They allow for the 3D visualization
of several heart (micro)structural constituents such as the heart chambers, coronary blood
vessels, heart valves and individual muscle fibers. Our study was the first one to allow the
nondestructive visualization of coronary blood vessels and heart valves, simultaneously,
using CECT. The detailed 3D structural and microstructural analyses available through
the use of CECT and cryo-CECT, combined or not with classical 2D histology, pave the
way for many applications to cardiovascular disease models studied in mice, rats and even
human biopsies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/hearts5010002/s1, Figure S1: visualization of dissection differences for two
murine heart samples. (A,B) 2D orthoslices of two different samples, showing the missing aorta and right
atrial appendage in the second sample (B). AV = aortic valve, MV = mitral valve, RV = right ventricle,
LV = left ventricle, RAA = right atrial appendage, LAA = left atrial appendage. (C,D) 3D renderings of
the two samples showing abnormal opening on the mitral valve (C) and on the aortic and mitral valves
(D). On the 3D renderings, the orange arrow shows the left atrial appendage and the white arrow shows
the cut in the atria for each sample. The mitral valve is shown in red and the aortic valve in blue. Video S1:
heart structure as visualized with high-resolution normal multiscan mode CECT in 3D (left) and on 2D
orthoslice (right). Ao = aorta, RV = right ventricle, LV = left ventricle, RA = right atrium, LA = left atrium,
RAA =right atrial appendage, LAA = left atrial appendage, PV = pulmonary valve, TV = tricuspid valve,
AV = aortic valve, MV = mitral valve, PM = papillary muscle. Video S2: visualization of dissection
differences for two murine heart samples. Sample on the left contains only a small cut in the atria while
sample on the right is deprived of the aorta, right atrium and right atrial appendage. Video S3: distinction
and segmentation of the two coronary arteries in the high-resolution normal multiscan CECT dataset. The
2D orthoslice shown on the left is the cutting plan used in the 3D rendering (right). RCA = right coronary
artery (blue), LMCA = left marginal coronary artery (pink). Video S4: segmentation of the heart blood
vessels is more and more discontinuous as the vessels divided in smaller branches. Video S5: heart valve
characterization on the high-resolution normal multiscan CECT dataset. Back and forth longitudinal
section through the heart showing the identification of the two leaflets in the mitral valve and their
thickness distribution. Back and forth transverse section through the heart showing the identification of
the three cusps in the aortic valve and their thickness distribution.
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