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Abstract. The mechanical properties of myocardial tissue are primar-
ily determined by the organisation of the collagen network. Quantita-
tive measurements of collagen morphology can help to understand the
structure-function relationship in cardiac tissue. In this study, we seg-
mented collagen from high-resolution three-dimensional (3D) images of
the left ventricle (LV) mid-wall myocardium obtained using extended-
volume confocal microscopy. 3D shape analysis was used to compute the
morphological parameters elongation (e), flatness (f), and anisotropy (a).
We applied this analysis to both control and hypertensive rat hearts and
showed distinct differences between the control and remodelled hearts,
particularly in collagen elongation. The predominant form of collagen in
the control rat is elongated with a value of e = 0.846 + 0.041, whereas in
the hypertensive rat collagen, is arranged mostly in a sheet-like form with
e = 0.301 4 0.023. Such quantitative information can be used to develop
microstructural models of the myocardium that link the observed changes
in cardiac microstructure to changes in mechanical function during the
progression of heart diseases, which will help to elucidate the underlying
pathological mechanisms.
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1 Introduction

The mechanical behaviour of the myocardium is mainly dependent on the organ-
isation of myocytes and the composition of the cardiac extracellular matrix
(ECM). Collagen is the predominant structural component of ECM and the
major stress-bearing component of passive myocardium [1]. Consequently, any
change in the collagen architecture is often associated with a pathological func-
tion such as is observed in hypertensive hearts [2]. Therefore, it is important to

© Springer International Publishing AG 2017
M. Pop and G.A. Wright (Eds.): FIMH 2017, LNCS 10263, pp. 3-12, 2017.
DOI: 10.1007/978-3-319-59448-4_1



4 A.I. Hasaballa et al.

have quantitative information on collagen morphology in order to develop a bet-
ter understanding of the relationship between the microstructure and mechanical
function of the myocardium.

The role of the collagen structure in myocardial function has been investi-
gated by many research groups [3,4] using animal models, such as the sponta-
neously hypertensive rat (SHR) [5,6]. The SHR is a well-established model of
genetic hypertension that develops with aging, and leads to myocardial changes
that reflect those seen in hypertensive human hearts. In studies using high-
resolution extended volume confocal microscopy, it has been shown that aged
SHRs have significant changes in myocardial architecture when compared to
age-matched control Wistar-Kyoto (WKY) rats [6]. These structural changes
include myocyte hypertrophy, an increase in the amount of collagen, and a loss
of myocardial laminar organisation because of the scarring together of collagen
strands, which line the cleavage planes between laminae. These alterations in
the myocardial structure are believed to lead to impaired myocardial mechani-
cal function and, hence, reduced cardiac performance.

In this study, we have developed a novel method to quantify collagen mor-
phology in the tissue blocks of the mid-wall of the left ventricle (LV) myocardium
taken from a 12-month-old WKY rat and an age-matched SHR. Preliminary
results on differences in structural and morphological parameters between WKY
and SHR are presented and discussed.

2 Methods

In order to quantify collagen morphology, collagen was segmented from images
of the rat LV free wall, and morphological parameters describing elongation,
flatness, and anisotropy were computed at 50,000 randomly selected collagen
locations within each image volume.

2.1 3D Tissue Images

Blocks of LV wall from a 12-month-old WKY rat and an age-matched SHR were
labelled with picrosirius red to highlight collagen, embedded in resin, mounted
on a high-precision three-axis stage and imaged using laser scanning confocal
microscopy. The imaging protocol and technique have been described in detail
elsewhere [7]. Although this imaging technique is time-consuming and generates
large datasets, it provides precise information at high spatial resolution about
the 3D organisation of the myocytes and collagen network [8]. Representative
3D image volumes of the WKY rat and SHR used in this study are shown in
Fig. 1. The 3D tissue blocks were imaged at a resolution of 1 pm per voxel side
and with a total volume of (293 pm x 256 pm x 237 pwm).

2.2 Collagen Segmentation

In order to segment the collagen network in the 3D volume images, we developed
an image processing framework, which includes four main steps:
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Fig.1. 3D image volumes from (A) a 12-month-old WKY rat heart and (B) an
age-matched SHR heart (top), together with the corresponding collagen structures
(bottom). Collagen appears brighter, while myocytes have variable intensity.

(i) Adjustment of image intensity (using the MATLAB! imadjust function).
The imadjust function improves the intensity distribution of the image by
mapping the input image’s intensity values to a new range such that 1% of
the data is saturated at low and high intensities of the input image.

(ii) Unsharp masking (using the MATLAB imsharpen function). This func-
tion sharpens edges on the elements without increasing noise. The parameters
used in this study were radius = 5, amount = 0.5 and threshold = 0.

(iii) Edge-preserving smoothing (customised code in MATLAB as described
by Weickert et al. in [9]). This step is very similar to a Gaussian filter as it

! The MathWorks, Inc., Natick, Massachusetts, United States.
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smooths out the noise. Unlike the Gaussian filter, the diffusion in the neigh-
bouring edges is reduced. Thus, it smooths the image while preserving edge
information. The behaviour of this filter is controlled by two parameters: con-
trast, which determines how much the smoothing is reduced in the vicinity of
the edges, and kernel size. The parameters used in this study were contrast
= 3.5 and kernel size = 3.

(iv) Entropy thresholding (customised code in MATLAB following the
entropy principles as explained in details in [10]). Entropy thresholding
extracts a binary segmentation of the collagen.

The combination of these steps helps to preserve as much of the collagen
information that is contained in the original image as possible. An example
of automated collagen segmentation using the proposed framework is given in
Fig. 2.

A .. Final Binary Image After
Original lge Processed Image __> Entropy Thresholding

Fig. 2. Collagen segmentation in the 3D confocal images. (A) image segmentation
steps. (B) cross section view of collagen segmentation boundaries overlaid on the
original image. (Color figure online)
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2.3 Region Extraction

Collagen morphology is described at a local level, therefore, we extracted a num-
ber of small sub-regions from the image block for quantification.

Distinct, random collagen locations were selected from the 3D segmented
image block, and a cube (region of interest) was extracted with collagen
voxel/point at the center of the cube (cubes were allowed to overlap). The
collagen locations were randomly selected using the randi function in MAT-
LAB, which creates uniformly distributed random locations within the 3D image
bounds, and retained for analysis if the selected location had been classified as
collagen. Finally, a 3D region-growing algorithm [11] was applied in each cube,
which starts with the central collagen seed point identified above and grows with
neighboring voxels of connected collagen.

The size of the region of interest was selected to be large enough to represent
the microstructural organisation of the collagen accurately, yet small enough to
only contain local information. In this study, the length of the cube was 25 pm.
The number of cubes to be analysed was determined by progressively increasing
the number of cubes until the results converged (i.e. no statistically significant
differences with the addition of more cubes). Here, convergence was reached at
50,000 cubes.

2.4 Shape Analysis

Many imaging studies have used moments of inertia for shape analysis [12] and
pattern recognition [13]. In a binary image, the first-order moments define the
center of mass

M, = ina Mly = Zyw My, = ZZ’L (1)
C C C

where (x;,y;,2;) is a point in the object C. Here, C is the segmented collagen
object in the region of interest. The second-order moments are defined as

Moy, = Z(xz - Mlx)27

c
M2yy = Z(yl - Mly)za
C
MZzz = Z(zz - Mlz)Q;
c
(2)
Moy =Y (@ — Miy)(ys — Myy),
C
My, = Z(yz — Myy)(zi — Miz),
C

Maye =Y (i — Miy)(2i — Miz)
c
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and the inertia matrix (covariance matrix) can be written as

Mme M2:vy M2zz
M = Mme M2yy M2yz (3)
MQJJZ M2yz Msz

The eigenvalues of M provide a good indicator of shape. For example, when
the three eigenvalues are similar, the shape tends to be spherical. The 3D mor-
phological parameters in the range of [0,1] were derived from the eigenvalues:
elongation (e), flatness (f), and anisotropy (a)
A2 A3 A3
=1-= =1- =1-= 4
e=1-32 f=1-F a=1-3 @
where A1 denotes the primary eigenvalue of M, A, denotes the secondary eigen-
value, and A3 denotes the tertiary eigenvalue such that Ay > Ay > A3 > 0.
The proposed framework for quantifying the 3D collagen morphology from
confocal images of healthy and diseased hearts is summarised in Fig. 3.

Control Heart (WKY) Hypertensive Heart (SHR)

. K\(”,'
2.2|Collagen Segmentati0n|

Segment collagen from the 3D confocal images

A
2.3| Region Extraction

Randomly extract small-cubes (regions of interest) with collagen at the cube centre

e N\ LR
' —h4 Shape Analysis| <.

Quantify the collagen morphology in 3D

\

0.931 0.945 0.948 Elongation (e) 0273 0.352 0.209
0.675 » 0867 0.714 9ee  Flatness (f) 0.867 ) 0.844 5 0917
0.977 0.992 0.985 Anisotropy (a) 0.903 0.899 0.934

Fig. 3. A framework for quantification of collagen morphology in 3D.

3 Results and Discussion

The proposed framework for quantifying collagen morphology in 3D has been
applied to four sets of confocal images from each of a control (WKY) rat heart
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and a hypertensive rat (SHR) heart (see Fig.1). The distributions of the three
morphological parameters for all eight tissue blocks are shown in Fig.4 and are
similar within each animal group. There are distinct differences in the distrib-
utions of elongation between the WKY and SHR groups, whereas distributions
of flatness and anisotropy in both groups are similar.

Figure 5(A) shows the 3D distribution density of the morphological parame-
ters for WKY and SHR using heatmaps. The core locations and the patterns
of density distribution are substantially different between WKY and SHR. The
core centres which indicate the most common collagen form in WKY and SHR
are given in Table 1. To illustrate the structural differences between WKY and
SHR, four small cubes from the core of each heatmap for each case are shown in
Fig.5 (B). This comparative analysis revealed that the dominant collagen shape
in WKY was elongated, whereas in SHR it had a sheet-like form. Such differences
in the structure may explain the higher stiffness observed in SHR functional stud-
ies [5,6]. From a mechanics perspective, the microstructural shape of composite
materials has a considerable effect on the physical properties [14]. It seems likely
that the increased stiffness observed in SHR hearts compared with those from
normal animals is a consequence of collagen remodelling into sheet-like shapes
in the SHR.

Table 1. Comparison of the mean and standard deviations (SDs) of the core centres
for WKY and SHR.

Elongation | Flatness Anisotropy
Mean |SD | Mean |SD | Mean | SD

WKY | 0.846 | 0.041|0.771 | 0.053 | 0.967 | 0.002
SHR |0.301 |0.023|0.833 | 0.016 | 0.883 | 0.001

There is a dearth of quantitative information available in the literature
regarding the 3D morphology of collagen in the heart. Nevertheless, microstruc-
tural studies [6,15] by LeGrice and colleagues have reported that the perimysial
collagen organisation in WKY rat hearts is a network of collagen fibres and bun-
dles, while the SHR, collagen forms dense sheets due to the fusion and thicken-
ing of perimysial collagen between adjacent myocardial layers. Our quantitative
results are consistent with these observations.

A limitation of this study is that the automatic image analysis techniques are
not able to distinguish between perimysial and endomysial collagen, and thus,
the contributions of each type of collagen to the results could not be determined.
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Fig. 4. 1D distributions of the (A) elongation, (B) flatness, (C) anisotropy parameters
among tissue blocks from WKY (blues) and SHR (reds) hearts. (Color figure online)
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Fig. 5. Heatmap visualisation of the distributions of morphological parameters in (A)
3D and (B) in the elongation-flatness plane for heart tissue blocks from WKY (left)
and SHR (right), with typical collagen shapes from the core of each heatmap

4 Conclusions

We have developed an automated method to quantify the 3D myocardial col-
lagen morphology from confocal images using three morphological parameters.
Using multiple confocal images from control and hypertensive hearts, we have
shown that the proposed framework can effectively quantify the collagen shape
in 3D, and can distinguish the structural remodelling of the collagen network
during development and disease. In particular, our quantitative analysis revealed
that the collagen structure in the diseased hearts was more sheet-like in com-
parison to the elongated collagen structure of the age-matched control hearts.
The microstructural parameters measured in this study will be used in future
computational models of the myocardium to link the observed changes in car-
diac microstructure to changes in ventricular function. Such models could help
to improve our understanding of the pathophysiological processes underpinning
heart diseases and pave the way towards more effective treatments that target
the underlying mechanisms.
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