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Abstract. Nowadays, unexplained cardiovascular diseases (CVD) and
heart transplant response are assessed by qualitative histological analysis
of extracted endomyocardial biopsies (EMB), which is a time consum-
ing procedure involving structural damage of the tissue and the analysis
in only a few slices of a 3D structure. In this paper we propose syn-
chrotron radiation-based X-ray phase contrast imaging (X-PCI) as a
suitable technique for the analysis of different cardiac microstructures,
such as collagen matrix, cardiomyocytes and microvasculature, and how
they are affected in abnormal conditions. Following an established pro-
cedure in clinics, biopsies from Wistar Kyoto rats are extracted, imaged
with X-PCI, and processed in order to show that the quantification of
the endomysial collagen matrix, cardiomyocytes and microvasculature is
possible, thus demonstrating that the intrinsic properties of X-PCI make
it a powerful technique for cardiac microstructure imaging and a promis-
ing methodology for a faster and more accurate EMB analysis for CVD
diagnosis and evaluation.
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1 Introduction

The heart anatomy has been an important research target for centuries, which
has led to a good understanding at macroscopic level. Nevertheless, the architec-
ture at individual cell scale within the whole heart as well as its relationship and
effects on the contractile mechanism remain still unclear. This lack of knowledge,
together with the fact that cardiovascular diseases are the first cause of mortality
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in the world [1], are the reasons why a big effort from the scientific community is
done towards obtaining a detailed multiscale description of the heart structure
and function.

The cardiomyocytes are the contractile cells of the heart, with a size of
approximately 10–20 µm diameter and 100–120 µm length, arranged in fibre-like
structures (myofibres). These structures, in turn, are organized and oriented in
a special manner in order to maximize the contractile function of the heart. In
addition to the myocytes, a matrix of mainly type I fibrillar collagen (∼85%)
is present in the extracellular space of the myocardium, maintained by resorp-
tion and synthesis processes carried out by cells called fibroblasts. This collagen
matrix is characterized by three different layers: endomysium (around cardiomy-
ocytes), perimysium (separates myofibres) and epimysium (around groups of
myofibres). The main function of the collagenous matrix is to serve as scaf-
fold for myocyte alignment and to avoid an overstretching of the sarcomeres.
Furthermore, it has secondary functions related to the functionality, electrical
behaviour and vasomotor reactivity of the myocardium and its structures [2]. All
these tissue components may change in shape, size or density under the effects
of cardiac disorders, such as myocardial infarction, hypertension or transplant
rejection [3,4].

Endomyocardial biopsies (EMB) are often performed in clinics to evaluate
rejection of heart transplants as well as to diagnose cardiovascular diseases that
can not be assessed by means of diagnostic non-invasive imaging techniques, such
as ultrasound or magnetic resonance [5–7]. EMB are usually qualitatively ana-
lyzed with histological procedures, which involve sample preparation processes
that lead to tissue damage and alteration of the internal structure. In addition,
only 2D information from a few slices is used for the analysis of the whole 3D
sample.

In order to understand the microstructural organization within the heart with
minimum tissue alteration, non-destructive imaging techniques with resolution
at micrometre scale are needed. Current imaging techniques provide either high
resolution (down to 155 nm pixel size and 1 µm z-step) with a small field of
view (∼160× 160 µm2) and keep altering the sample [8,9], or a whole heart
acquisition without enough resolution to resolve individual structures [10,11].

Synchrotron radiation-based X-ray phase contrast imaging (X-PCI) is a
recently emerged technique with potential to overcome the aforementioned limi-
tations. In addition to the typical absorption imaging, X-PCI exploits the differ-
ences in refractive index between different materials, which improve the contrast
while keeping the same X-ray dose. Among the different techniques exploiting
the phase contrast effects, propagation-based imaging, used in this study, is of
great interest for biomedical soft-tissue research [12]. In a recent study, phase
contrast images of cardiac tissue have been obtained with a pixel size of 3.5 µm
with the use of this technique [13].

In this study, we propose a high-resolution procedure to assess the detailed
cardiac microstructure in EMB biopsies from rat models, thus allowing the seg-
mentation and quantification of cardiac tissue components.
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2 Materials and Methods

2.1 Sample Preparation

For this study, three cardiac biopsies of the basal septum, lateral wall and apex
of the left ventricle (Fig. 1), with an approximate size of 2× 2× 4 mm3, were
extracted from two 12 weeks old male control Wistar Kyoto rats (WKY) and
fixed in 4% paraformaldehyde. The biopsies were then placed in thin-walled
borosilicate glass tubes of 2 mm of inner diameter using 70% ethanol as medium,
and mounted on the sample stage for image acquisition.

Fig. 1. Extracted biopsies for each of the hearts: basal septum, lateral wall and apex
of the left ventricle.

2.2 Data Acquisition

The synchrotron-based X-ray tomography campaign was performed at the TOM-
CAT beamline (X02DA) of the Swiss Light Source (Paul Scherrer Institute,
Switzerland). Propagation-based X-PCI was achieved with an X-ray beam of 20
keV, a voxel size of 0.65 µm and propagation distance of 20 cm. Since the sam-
ples were larger than the field of view (1.6× 1.44 mm2), three volumes from each
biopsy were imaged using a LuAG:Ce 20 µm scintillator coupled to a PCO.Edge
5.5 CMOS Camera. For each volume, 2501 projections, 20 darks and 50 flats were
acquired in approximately 7 min acquisition time. The so called darks are pro-
jections taken without beam exposure, used in order to correct for the detector’s
electronic noise, while flats are direct projections of the beam without sample,
so as to correct for non-uniformities of the beam and imperfections in the optical
components [14]. A sketch of the experimental setup can be found in Fig. 2.
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Fig. 2. Sketch of the experimental setup at the TOMCAT beamline at the Swiss Light
Source

2.3 Image Processing

The acquired projections were reconstructed using the Gridrec algorithm [15].
Current detector technologies only allow intensity measurements, thus losing the
information coded in the phase of the signal. Nevertheless, the phase informa-
tion can be retrieved by several algorithms incorporating knowledge on wave
propagation, such as the single distance phase retrieval method developed by
Paganin [16]. Therefore, the data was reconstructed both with and without
phase retrieval in order to later be able to fuse information from both phase
and intensity images, respectively. The δ/β ratio used in the Paganin algorithm
was 56.9. Then, representative 300 × 300× 300 µm3 subvolumes were cropped
for processing.

For the segmentation task, the chosen tool was the open-source software
Ilastik [18], based on interactive machine and active learning classifiers. The
training process consisted on the iterative labelling of the images for cells,
endomysial collagen and background in the three directions (2 slices per direc-
tion). Since the imaging conditions were the same for all samples, Ilastik was
able to segment new input images with just small supervision (a few annotations
in 1–2 slices) even if they did not correspond to the training datasets. The phase
retrieved images were used to segment cells and background due to the increased
contrast given by the Paganin approach. Nevertheless, the contrast of the image
areas corresponding to the collagen matrix was reduced in most cases, so the
non-phase retrieved images were used to segment it, as they are sharper and
show a greater intensity difference compared to the rest of structures. Finally,
objects smaller than 150 pixels in 3D were removed to reduce noise, both masks
were fused and percentage of endomysial collagen per unit of cell area was com-
puted. Due to acquisition problems, an apical biopsy dataset could not be used
for analysis.

Moreover, we were also able to segment part of the cardiac vasculature with
the Carving module included in Ilastik, based on seeded watershed algorithm
where the seeds are given interactively by the user. In this case, the phase
retrieved images were used, again due to the higher contrast between the vascu-
lature wall and background.
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3 Results

The results obtained are represented for different rats, cardiac areas and volume
sizes in order to show representative examples for each of the aforementioned
acquisition and image processing procedures.

Two sets of orthogonal views of a representative subvolume are shown in
Fig. 3, both with and without phase retrieval. Note how individual cardiomy-
ocytes and its fibre-like arrangement can be distinguished. The brighter intensity
spots correspond to the collagen matrix.

Fig. 3. Three orthogonal views (a) without and (b) with phase retrieval, corresponding
to a 300× 300× 300 µm3 subvolume of a biopsy of the left ventricle lateral wall of a
WKY rat.

Figure 4 shows representative images of the segmentation procedure for the
collagen matrix and cells. The 3D representation of the collagen matrix in Fig. 4f
shows its organization in fibre-like structures following the direction of the car-
diomyocytes. The relative amount of endomysial collagen within the different
processed subvolumes for the WKY rats is detailed in Table 1. Finally, Fig. 5
shows the results of the vascular segmentation, where its branching morphology
can be clearly observed.

4 Discussion

In this study we demonstrate that X-PCI, specifically in free-space propagation
mode, can be used in order to assess the organization of the cardiac tissue at
micrometer scale. In order to do so, images with a voxel size of 0.65 µm have been
acquired, thus improving the state-of-the-art 3.5 µm for this imaging technique
in the study of cardiac tissue [13]. Such improvement in resolution allows to
analyse the samples by directly looking at its micrometer level structures, such
as cardiomyocytes, endomysium network or microvasculature, which for the best
of our knowledge, has never been achieved before with the use of X-ray imaging
techniques.
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Fig. 4. Representation of the different steps in the segmentation of cardiomyocytes and
collagen for a 300× 300× 300 µm3 subvolume of the basal septum biopsy of a WKY
rat. Scale bar corresponds to 50 µm (a) Non-phase retrieved image. (b) phase retrieved
image. (c) collagen segmentation. (d) cardiomyocytes segmentation. (e) resulting fusion
of segmentations. (f) 3D rendering of the endomysial collagen segmentation in the entire
subvolume.

Table 1. Calculated values for the endomysial collagen percentage in each of the
biopsies.

Apex LV Wall Septum

WKY1 4.23% 6.37% 4.60%

WKY2 —— 5.14% 1.64%

In Table 1 it is shown that the collagen percentage is higher in the left ventric-
ular wall than in the rest of areas. Moreover, the collagen percentage difference
between rats in the left ventricular wall is in a smaller range (∼1%) in compar-
ison to the basal septum region (∼2%). In the literature [17], endomysial colla-
gen fraction with respect to total area was quantified from confocal microscopy
images (0.4 µm voxel size). Left ventricular midwall WKY samples were analysed
resulting in a ∼2.5% of collagen. In our case, similar but slightly higher values
are observed in the left ventricular wall. The reasons for this increase are several.
First, the calculation of collagen percentage is done with respect to cardiomy-
ocyte area and not total area, which is more significant taking into account that
endomysium is found around individual cells. In addition, the voxel size used
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Fig. 5. (a) Selected slice and (b) 3D rendering of the vasculature segmentation in a
680× 920× 440 µm3 subvolume of the basal septum biopsy of a WKY rat.

in X-PCI is larger than in the confocal microscopy technique used in the com-
pared study, thus introducing a smoothing effect that may increase the amount
of collagen quantified. Finally, as a limitation of the methodology, we would like
to mention that platelets and collagen have very similar characteristics in the
images and, therefore, when platelets are present in very small diameter vessels
it is currently very difficult to differentiate them. Therefore, in order to overcome
this limitation as much as possible, the analysis was performed in subvolumes
without presence of visible vasculature.

The data obtained is of high interest in scientific and clinical terms, as it
allows to characterize the tissue by direct observation of its main structural com-
ponents to better understand how they influence the macroscopic organization
and functionality. This means that we can also detect how these microstructures
are affected under the influence of certain cardiac diseases or disorders, the so
called cardiac remodelling, and thus comprehend in more detail the different
abnormalities at all scales.

Nowadays, several diseases involving cardiac remodelling are assessed by
histological imaging of extracted EMB. During such techniques, the biopsies
undergo a series of destructive procedures that change the properties of the tis-
sue and the final images are usually 2-dimensional, which can be overcome by the
non-destructiveness of X-PCI and improved by the 3-dimensional time-efficient
nature of the technique. In addition, the proposed image processing framework
allows the quantitative evaluation of the acquired X-ray images, thus improving
the accuracy of the currently qualitative assessment of histological images.
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5 Conclusion

The results show that X-PCI is a very promising technique for the analysis of
the cardiac microstructure, as it is a 3-dimensional time-efficient non-destructive
technique that allows the detailed observation of the different elements of the
tissue at micrometer level. Therefore, the development and translation of X-PCI
to a table-top system has the potential to improve the biopsy-based diagnostic
procedures thanks to easier, less aggressive and shorter preparation and imaging
procedures.
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