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ARTICLE INFO ABSTRACT

Keywords:

This paper is aimed at identifying by means of micro-CT the microstructural differences between normal and
degenerative mitral marginal chordae tendineae. The control group is composed of 21 normal chords excised
from 14 normal mitral valves from heart transplant recipients. The experimental group comprises 22 degener-
ative fibroelastic chords obtained at surgery from 11 pathological valves after mitral repair or replacement. In
the control group the superficial endothelial cells and spongiosa layer remained intact, covering the wavy core
collagen. In contrast, in the experimental group the collagen fibers were arranged as straightened thick bundles
in a parallel configuration. 100 cross-sections were examined by micro-CT from each chord. Each image was
randomized through the K-means machine learning algorithm and then, the global and local Shannon entropies
were obtained. The optimum number of clusters, K, was estimated to maximize the differences between normal
and degenerative chords in global and local Shannon entropy; the p-value after a nested ANOVA test was chosen
as the parameter to be minimized. Optimum results were obtained with global Shannon entropy and 2<K<7,
providing p < 0.01; for K=3, p = 2.86-1072. These findings open the door to novel perioperative diagnostic

Mitral chordae tendineae
Degenerative mitral valve disease
Micro computerized tomography
Shannon entropy

K-means

Machine learning

methods in order to avoid or reduce postoperative mitral valve regurgitation recurrences.

1. Introduction

Over the last two decades, the prevalence of mitral valve regurgita-
tion (MVR) has increased along with the longevity of the general pop-
ulation; in particular, the degenerative regurgitation which affects about
2% of the population [1,2]. The functional competence of the mitral
valve [3-5] depends on the coordinated interaction between its com-
ponents. Different pathologies can affect the geometry, structure or
intrinsic properties of the valve mechanism, resulting in MVR. Accord-
ing to the Carpentier classification [6,7], the mitral valves with elon-
gated or ruptured chordae tendineae are classified as type II valves,
where the increased abnormal motion produces the leaflet prolapse or a
floppy valve.

Recurrence of regurgitation is not a rare postoperative complication

after mitral reconstructive surgery, with a reported linearized incidence
of 3.7% to 8.3% per year. Only half of patients remain free from post-
operative mitral insufficiency at mid-term follow-up [8] after valve
repair. Reoperation rate after repair increased with time (7% at 5 years,
11% at 10 years, 16% at 15 years, and 20% at 19.5 years) [9].

The most frequent degenerative mitral regurgitation [10] is fibroe-
lastic deficiency which mainly affects patients over 60 years. Fibroe-
lastic deficiency refers to a spectrum of degenerative valve diseases in
which morphologic changes in the connective tissue of the mitral valve
cause significant structural lesions that prevent normal function of the
mitral apparatus, in most cases requiring repair by experienced surgeons
[11,12]. In a previous study [13], we found by light and ultrastructural
microscopic analyses that both the extracellular matrix and the inter-
stitial cells are severely affected in the degenerative disease.
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Fig. 1. (a) Micro-CT cross-section of a normal marginal chord from a heart transplant recipient. The external layers of endothelial (E) cells (blue) and the spongiosa
(S) layer (green) surround the dense core (C) composed of collagen fibers. (b) Longitudinal section of the same chord. (c) Light microscopy of a longitudinal section of
a normal human MCT. (d) SEM micrograph showing the core collagen fibers of a normal MCT arranged in a wavy configuration.

Mitral chordae tendineae (MCT) must show an elastic and resistant
response to withstand the repetitive forces of the cardiac cycle. Crimped
collagen fibers, elastin fibers and the outer layer of endothelial cells are
the main structural components for the mechanical function of MCT [14,
15]. The microstructure of normal and degenerative human MCT was
determined in this study by means of micro X-ray computed tomography
(micro-CT). The microstructural characterization of MCT was addressed
in several previous contributions [16-18] using light and Scanning
Electron Microscopy (SEM); to the best of the authors’ knowledge, this is
the first study where micro-CT has been used to determine the micro-
structure of the MCT.

The main advantage of micro-CT is that it enables the chordal ex-
amination without altering their delicate integrity and, therefore, it
eliminates the possible artefacts due to the preparation of samples by
conventional methods. The microstructural features of the diseased
chordae were identified and compared to those of normal MCT. A
completely automatic procedure was implemented, which combines the
use of the K-means unsupervised clustering algorithm with the Shannon
entropy (SE) concept [19]. The global and local Shannon entropies (GSE
and LSE, respectively) were employed. The number of clusters in

K-means, K, was estimated through an iterative procedure to maximize
the differences between normal and degenerative chords. The statistical
significance of the differences was assessed through a Nested ANOVA
test.

This research was developed under the approval of the Ethics Com-
mittee of the Marqués de Valdecilla University Hospital (Santander,
Spain), in agreement with the World Medical Association Declaration of
Helsinki (Ethical Principles for Medical Research Involving Human
Subjects).

2. Methods
2.1. Available material

43 human marginal MCT specimens were obtained at surgery and
transported to the laboratory LADICIM of the University of Cantabria in
a portable refrigerator at 4°C. Mitral valve specimens were categorized
into two groups of MCT: (a) 21 normal chords were excised from 14
normal mitral valves from heart transplant recipients without valve
pathologies (8 males, 6 females; mean-aged 59 + 8 years, range: 36 — 72
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Fig. 2. (a) Micro-CT cross-section view of a degenerative marginal chord. (b) Longitudinal cross-section of the same chord. (c) SEM micrograph of a degenerative

marginal chord. Collagen bundles of the core have lost their wavy appearance.

years) (Group D). (b) 22 degenerative chords obtained at surgery from 11
fibroelastic degenerative valves (5 males, 6 females; mean-aged 66 + 7
years, range: 56 — 78 years), after mitral repair or replacement (Group
II). Heart transplant recipients with normal mitral valves at preoperative
echocardiographic study were selected after a careful surgical inspection
as the control group (Group I). Only fresh normal valves were included
in this study to avoid the postmortem collagen and fibroelastic tissue
deterioration, or abnormal functional MCT.

Following the protocol by Prot et al. [20], the specimens were stored
in a freezer (-18 °C) and slowly thawed before testing, to preserve the
integrity of the biological material after the surgical excision of the
valves. Marginal MCT were removed including a portion of their leaflet

insertion and papillary muscle. In the case of MCT with branches, the
main strand from the papillary muscle to the leaflet was selected, and
the secondary branches were carefully trimmed [21]. Two chords,
randomly selected from each group, were examined under optical and
scanning electron microscopy while the rest of them were observed by
micro-CT.

2.2. Micro-computed tomography
Nondestructive microstructural inspection of the MCT was carried

out employing a Skyscan 1172™ micro-CT equipped with a 80 kV and
100 pA X-ray source. The image resolution was 2 pm measured through
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Fig. 3. Schematic description of the structural organization of normal (a) and
degenerative (b) chords.

the image pixel size and had an 8-bit color depth. Reconstruction was
conducted employing the software NRecon-Bruker™ [22]. The
following parameters were used for scanning and reconstruction.
Scanning: Source Voltage = 40 kV, source Current = 100 pA, image Pixel
Size = 2 pm, exposure time = 0.6 s, rotation step = 0.500 deg. Recon-
struction parameters: ring Artifact Correction=6, smoothing=1, beam
hardening correction =31 %. The duration of the scanning process was
less than 30 minutes to minimize the dehydration of the tissues.

2.3. Image analysis

The central region of each MCT was scanned over a length of 2 mm,
obtaining 100 images of cross sections evenly distributed (one section
every 20 pm). The processing of micro-CT images to distinguish between
normal and degenerative MCT was conducted by means of a completely
automated procedure. Image randomness can be measured using a va-
riety of methods [23]. The differences visually observed between normal
and degenerative MCT can be expressed in terms of the texture (or
randomness) of the images. Texture provides information about the
spatial arrangement of the grayscale in an image and can be used as a
feature to partition images into regions of interest and to classify those
regions [24]. If the texture elements are small and tonal differences
between them are large, a fine texture results; on the contrary, if they are
large and consist of several pixels, a coarse texture is obtained [24]. The
Region of Interest (ROI) for all cross-sectional images was chosen as a
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centered square of 200 pm of side length [25].

The K-means clustering algorithm was used on each of the 100 cross-
section images from each MCT. K-means is widely used in data mining
and machine learning for the partition of a number of observations into
K clusters so that each observation is assigned to the cluster (Voronoi
cell) with the nearest mean [26,27]. In this way, this algorithm can be
used for image segmentation, to partition an image into regions each of
which has a reasonably homogenous visual appearance. K-means re-
quires the user to provide the number of clusters, K, as an initial
hyperparameter [28]. The grayscale histogram of each of the micro-CT
images was clustered by K-means using values of K between 2 and 16.
Thus, for instance, when K=2, the grayscale histogram was binarized
optimizing the two values (between 0 and 255 corresponding to 8-bit
images) of the grayscale through the K-means method. Similarly, for
K=3 each image was clustered in three values of the grayscale and so on.
K-means acts as a scalable vector quantization method, which guaran-
tees texture analysis robustness among images [29]. Next, the normal-
ized histogram of graylevel differences was determined.

Shannon entropy, SE, is a measure of the uncertainty associated with
a random variable and has become one of the most widely employed
scores for image analysis [30]. The SE of an individual image after the
K-means clustering is defined by (1):

i=K
Hg == pilnp; M
i=1

where ‘i’ represents each of the density levels for a given number, K, of
clusters and p;j is the normalized frequency of that level ‘i’ in the gray-
scale histogram. Hg is a measure of the homogeneity of the histogram
which is maximised for uniform histograms (the theoretical maximum of
the SE score for an image would be In(256) which occurs when each
grayscale is equally likely) [23]. The average entropy of the 100
cross-sections was computed as a measure of the entropy of the chord.
This entropic measure of texture will be referred to as global Shannon
entropy, GSE. In addition, subsets of the initial ROI (local image blocks
[23]) were created with square selections of 2, 3, 9 and 12 pixels of side
length, respectively, to determine the local Shannon entropy, LSE, for
different numbers of pixels. LSE of each MCT is the average SE of all the
subsets in the chord. This estimator serves as a test of independence of
the scale and the level of organization. This procedure is adapted from
the method devised by Wu et al. [23]. As stated by these authors, LSE is
able to overcome some of the limitations of GSE because image
randomness is obtained from non-overlapping image blocks; thus, GSE
may be inconsistent for images with various sizes; in general, an image
of a larger size tends to have a higher GSE score than a smaller size
image. Therefore, measuring randomness using GSE is size-dependent
whereas LSE minimizes this effect [23]. In addition, the efficiency of
LSE is greater because in many cases it requires only a portion of the
total pixel information (in the study by Wu et al. [23], only a reduced
number of image blocks were selected, rather than the total number of
subsets, as in this study). In this research, windows of 2, 3, 9 and 12
pixels were selected because of their low size compared to the actual
ROL LSE serves for validating that differences in structure between
degenerative and functional chords do not occur because of the section
that is chosen. Thus, degenerative chords are expected to display a
higher SE for whichever area inside the ROI has been selected. Finally,
after determining GSE and LSE, the optimum number of clusters was
obtained. In our approach, K was estimated to maximize the differences
between normal and degenerative chords in SE [23].

The relation between K-means and SE comes from the fact that
original contrast-levels are sample-dependent and noisy, which renders
them as unsuitable for an analysis based on the density distribution. K-
means is used as a denoising method and for contrast regularization. In a
low-dimensional form, the histogram can only reflect structural infor-
mation — i.e., the distribution of n elements, which if equal in density
maximize SE. Thus, SE becomes a metric of randomness of the image
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Fig. 4. Panel of micro-CT images comparing the texture of normal (left) and degenerative (right) MCT.
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Fig. 5. Curves showing the relationship between entropy (GSE, LSE-2, LSE-3,
LSE-9 and LSE-12) and the number of clusters, K. Continuous lines correspond
to normal chords and dashed lines to degenerative samples.

calculated from a transformed histogram that considers internal vari-
ability instead of the contrast values given by micro-CT, which are
subject to noise and sample variability —i.e., K-means normalizes by
second order momentum.

This analysis was carried out by means of the MATLAB™ toolboxes
for Image Processing, Statistics and Machine Learning as well as the R
language for statistical computing and graphics.

2.4. Scanning electron and optical microscopy

Two randomly selected samples from each group were observed by
SEM using a Carl Zeiss™ device model EVO MA15, equipped with de-
tectors for secondary and retrodispersed electrons as well as X-rays
(Oxford Instruments™). The chordal fragments, fixed in 3% glutaral-
dehyde, were dehydrated in graded acetone, dried by the critical point
method, coated with gold, and observed with an Inspect S microscope.
For conventional light microscopy, excised valves were fixed in 3%
glutaraldehyde in PBS. The MCT were postfixed in 1% osmium tetroxide
for 1 hour, dehydrated in graded acetone and propylene oxide, and

embedded in Araldite. 1 pm sections were cut with a Leica Ultracut UCT,
stained with 1% toluidine blue, and observed with a Zeiss III
photomicroscope.

2.5. Statistics

The statistical analysis was aimed at evaluating the microstructural
differences between normal (Group I: 14 MVs, 19 MCT) and degenera-
tive MCT (Group II: 11 MV, 20 MCT) after micro-CT. Between one and
two MCT were randomly obtained from each MV for this study. In this
design, MVs are fully nested within groups (I and II) and the final data
are slightly unbalanced (unequal sample sizes in each subgroup). The
unequal variance nested ANOVA was chosen because of the (slightly)
unbalanced design of the experiment. The significance threshold was set
at 0.05. Calculations were carried out using the R software for statistical
computing and graphics.

3. Results

Light microscopy and SEM were used to determine the morphology
of normal and degenerative mitral valves [13]. The normal external
appearance of the mitral valves (Group I) contrasts with the delicate
fibroelastic degenerative mitral valves (Group II), in which the leaflets
were very thin, friable and almost transparent.

3.1. Microstructural organization

Normal MCT are composed of a superficial layer of flat endothelial
cells covering the underlying spongiosa layer protecting the organized
collagen core. The boundaries between the shielding spongiosa and the
smooth appearance dense core show no structural disruption, as proved
by the micro-CT analysis. The central axis of each chord was obtained
from image processing and then cross-sections normal to the central axis
were selected. Fig. 1(a) shows a cross-section of one of the normal MCT
of this study where the three structural layers can be identified. A lon-
gitudinal section of this chord is presented in Fig. 1(b), enabling the
appreciation of how the collagen fibers maintain their individuality in
the length of the MCT. These features are common for all normal MCT
samples analyzed in this study and in agreement with the findings
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Fig. 6. Boxplots comparing normal and degenerative MCT as a function of K. (a) GSE, (b) LSE-2, (¢) LSE-3, (d) LSE-9 and (e) LSE-12. ‘N’ and ‘D’ refer, respectively, to

normal and degenerative MCT.

obtained through conventional light microscopy, Fig. 1(c), and SEM,
Fig. 1(d). In both cases, normal MCT appears with an external layer of
flat superficial endothelial (E) cells covering the underlying spongiosa
(S) with the elastin fibers mostly limited to this fluffy layer. Collagen
fibers are arranged in the normal wavy configuration, forming closely
packed crimped bundles, where single fibers are rarely visible.

The most remarkable feature of degenerative MCT (Group II) consists
in the grouping of the individual collagen fibers into coarse bundles, as
shown in the micro-CT cross-section, Fig. 2(a), and demonstrated by the
morphology of the longitudinal view, Fig. 2(b). The dense collagen core
is arranged in bundles with a tendency to parallel configuration. The
SEM micrograph in Fig. 2(c) shows that degenerative chordae are very
loosely packed (individual fibers can be seen), forming an almost hairy
appearance.

The scheme shown in Fig. 3 represents, in a simplified way, the or-
ganization of collagen in the longitudinal and transverse direction of the
MCT.

The panel of micro-CT images in Fig. 4 allows the differences in
structural organization of normal and degenerative MCT to be clearly
discerned. The three images on the left correspond to normal chords

while those on the right are samples from degenerative valves. In all of
them, a magnified detail with a size of 100 x 100 pm has been obtained.
All the images of normal chords characterized in this study have a fine
texture, which contrasts with the coarse texture of the degenerative
samples. Besides, degenerative chords show a coarse texture with
greater variability. This fact is clearly seen in the three figures on the
right.

3.3. Analysis of micro-CT images through K-means clustering and
shannon entropy

Fig. 5 summarizes the results obtained from the K-means clustering
procedure. It shows the curves that relate the entropic measures (GSE
and LSE -2,3,9 and 12-) as a function of the number of clusters, K, for
normal and degenerative chords (represented by solid and dashed lines,
respectively). For each value of K, the mean value of the SE and the
standard deviation of the group have been represented. Consistency was
observed between the measures of texture since both entropic metrics
increase with K. Entropy was systematically higher for degenerative
chords (for each value of K), indicating a higher level of disorder in
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Fig. 7. Scatterplot showing the statistical significance (p-value) after
comparing normal and degenerative MCT through a nested ANOVA test, as a
function of the number of clusters, K.

normal MCT, in consistency with the less structured and more homog-
enous arrangement shown by the micro-CT images (see Fig. 4).

To display a more clarifying representation, boxplots are shown in
Fig. 6 for each of the entropic measures (GSE and LSE 2, 3, 9 and 12) as a
function of K, comparing normal and degenerative chords. To permit a
reliable comparison, data were normalized subtracting, for each value of
K, the joint mean of the corresponding normal and degenerative data
and dividing, for each boxplot, by the standard error of the mean (i.e. the
standard deviation of the sample divided by the square root of the
number of observations). The large differences between normal and
degenerative MCT are evident in GSE; moreover, the ability of LSE to
separate between them increases steadily with the number of pixels
(from 2 to 12).

The criterion adopted in this study for optimizing the number of
clusters, K, is based on its ability to separate between normal and
degenerative chords. For this reason, the p-values provided by the nes-
ted ANOVA conducted for the couple of boxplots corresponding to each
value of K have been obtained and represented in Fig. 7 as a function of
the number of clusters. The great ability of GSE as a separator is
observed (the horizontal line corresponds to a level of significance of
0.05); thus, GSE with 3<K<7 provides p < 0.01 and p < 0.05 for
2<K<13; the optimum result corresponds to K=3, where p = 2.86:1072
(in this case, the Jarque-Bera test was used to verify that the healthy and
degenerative distributions match the normal distribution. In this case, p
= 0.513 and 0.486 for the normal and degenerative MCT, respectively;
therefore, there is no sufficient evidence to reject the null hypothesis).
Moreover, the quality of LSE as a reliable separator improves by
increasing the number of pixels and provides p < 0.05 for 9 and 12 pixels
with 2<K<13 and 3<K<16, respectively.

4. Discussion

Mitral valve repair is the elective treatment for the majority of pa-
tients with degenerative disease. In most cases, valve reconstruction
consists in the resection or replacement of the affected chords, together
with annuloplasty. Nevertheless, the remaining chordae with normal
appearance at surgery may well have already been affected by the
degenerative process, as suggested by the significant rates of recurrence.
In this study, we have selected the fibroelastic deficiency because it is
the most common cause of degenerative mitral valve regurgitation due
to ruptured chordae tendineae,

Micro-CT cross-section views of the degenerative marginal chords
showed that the natural wavy configuration of the individual collagen
fibrils was lost, being replaced by a layout of collagen bundles. The
longitudinal views proved the straightened arrangement of these
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bundles of fibers, showing a tendency to line up with the axis of the
chord. In our opinion, the formation of thickened bundles represents a
microstructural feature that allows the degenerative disease to be
identified.

An algorithmic procedure has been implemented to measure the
texture of the images of the cross-sections of the MCT by means of the
Shannon entropy (100 cross-sections for each chord). Previously, the K-
means clustering method was applied on the histogram of grayscales of
each image, with 2<K<16. The results show that the differences in
microstructural organization of normal and degenerative chords trans-
late into statistically significant differences in terms of global Shannon
entropy; thus, with 3<K<7, p < 0.01 is obtained. The optimal result is
reached with K=3 where p = 2.86-1073. In addition, local Shannon
entropy was obtained with 2, 3, 9 and 12 pixels, respectively. It was
observed that the greater the number of pixels, the better the statistical
significance and that with 9 and 12 pixels p < 0.05. The separation
ability of local Shannon entropy decreases when the size of the window
is 2 or 3 pixels. In these cases, sampling sometimes results in spurious
sections that may correspond to noise or the edges of the collagen fibers.
In contrast, for a size of the window of 9 and 12 pixels significance in-
creases, which implies that collagen fibers are fully present in this range.
It can be concluded that GSE is more efficient at separating both con-
ditions at low quantization levels. Furthermore, differences in Shannon
entropy are better captured by coarser scales, as shown by a decreasing
level of statistical significance in finer levels of LSE. Since Shannon
entropy is a contrast level distribution metric, it disregards information
concerning internal or spatial organization. Through the usage of LSE,
we show that differences in randomness between MCT conditions are
scale-free, which implies that bundle changes can be explained from
contrast at level of the fiber itself without considering the spatial
arrangement. This implies LSE measures would be more inefficient at
classifying tissue conditions if employed in a diagnosis system.

Our results indicate that normal and degenerative chords belong to
different distributions according to their homogeneity as measured by a
simple information metric as Shannon entropy. Hence, in contrast with
previous supervised methods [31-34], we characterize structural dif-
ferences in an unsupervised and parameter-free manner, which can be
utilized for diagnosis. In previous studies fractal dimension has been
used as an alternative method to classify tissue condition [35-39] in
comparison, local Shannon entropy relies less in geometrical definitions
and poses more a heterogeneity condition based on contrast levels (see
Methods). Hence, our quantification captures structural changes across
scales without assumptions on shape changes of bundles, thus, solely
considering the overall pixel distribution. Both metrics can be used in
combination to asset structural modifications [38], however, we show
the local definition of Shannon entropy may be suitable enough in the
case of MCT.

A final remark on the consequences of our study for the clinical
diagnosis and identification of degenerative chords is mandatory.
Intraoperative identification of the possible affected degenerative
chordae tendineae is not possible with the current diagnostic tools, so
prevention of recurrent mitral valve insufficiency is practically un-
manageable. Unfortunately, micro-CT cannot be employed at surgery, at
least under the current technological limits. Among the available tech-
niques, Optical Coherence Tomography (OCT) represents a promising
candidate as a diagnostic tool. OCT is an imaging technology that allows
tissue samples to be visualized to a depth of millimeters, which is more
than the thickness a mitral chord [40]. Moreover, it is a fast acquisition
method that could provide real-time guidance on the internal structure
of the MCT under intraoperative conditions. This technique has been
successfully applied in previous studies by some of the authors of this
paper. For instance, Real et al. have employed and validated OCT to
examine aortic aneurysms [41] and mitral chordae tendineae [42] in
human ex-vivo samples.

The most limiting drawback is that OCT only provides the birefrin-
gence pattern of the sample whose interpretation is far from
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straightforward. This contrasts with the great advantage of micro-CT,
namely, its ability to identify the constitutive microstructures of the
tissue (the mitral chords in this case). Therefore, micro-CT and OCT are
to be considered as complementary methods since the former provides
the information necessary to validate the latter as a diagnostic tech-
nique. Such techniques may prove to be more successful than state-of-
the-art methods like echocardiographic, ultrasound or scanning elec-
trode microscope, which continue to rely on geometrical characteristics
and expert opinion [43]. Our work shows that distribution differences
between normal and pathological conditions of MCT, from an optical
method as micro-CT, can be captured through a scalar metric as the
Shannon entropy under different levels of quantization and scales.
However, it must be noted that we do not provide a robust binary
classifier based on this metric, but we present statistical differences
between conditions that suggest that advanced machine learning
methods could harness the power of bundle changes as captured by
optical methods, in contrast with current acoustic approaches that are
very data-intensive [44].

In conclusion, at this moment it seems possible to develop an intra-
operative diagnostic technique that would reduce the number of re-
currences associated with the current impossibility of identifying
degenerative mitral chords.
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