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a b s t r a c t 

An insight into changes of soft biological tissue ultrastructures under loading conditions is essential to 

understand their response to mechanical stimuli. Therefore, this study offers an approach to investigate 

the arrangement of collagen fibrils and proteoglycans (PGs), which are located within the mechanically 

loaded aortic wall. The human aortic samples were either fixed directly with glutaraldehyde in the load- 

free state or subjected to a planar biaxial extension test prior to fixation. The aortic ultrastructure was 

recorded using electron tomography. Collagen fibrils and PGs were segmented using convolutional neu- 

ral networks, particularly the ESPNet model. The 3D ultrastructural reconstructions revealed a complex 

organization of collagen fibrils and PGs. In particular, we observed that not all PGs are attached to the 

collagen fibrils, but some fill the spaces between the fibrils with a clear distance to the collagen. The 

complex organization cannot be fully captured or can be severely misinterpreted in 2D. The approach de- 

veloped opens up practical possibilities, including the quantification of the spatial relationship between 

collagen fibrils and PGs as a function of the mechanical load. Such quantification can also be used to com- 

pare tissues under different conditions, e.g., healthy and diseased, to improve or develop new material 

models. 

Statement of significance 

The developed approach enables the 3D reconstruction of collagen fibrils and proteoglycans as they are 

embedded in the loaded human aortic wall. This methodological pipeline comprises the knowledge of 

arterial mechanics, imaging with transmission electron microscopy and electron tomography, segmenta- 

tion of 3D image data sets with convolutional neural networks and finally offers a unique insight into the 

ultrastructural changes in the aortic tissue caused by mechanical stimuli. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Illustration of alternative interpretations of geometric 3D structures when 

imaged in 2D. Exemplary objects shown in-plane (a) are followed by three possible 

3D arrangements shown in (b),(e), then (c),(f), and (d),(g) as axonometric projec- 

tions are shown in (b)–(d) and side views in (e)–(g). 
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. Introduction 

One of the biggest challenges in vascular biomechanics 

s to predict the mechanical response of the aorta under 

patho)physiological loading conditions. Current advanced mathe- 

atical models [1,2] allow the mechanical behavior of the aortic 

issue to be reproduced, but further experimental investigations 

re necessary to find out what drives this behavior [3] . Numerous 

tudies have been carried out with a focus on the human or animal 

rterial microstructure in order to look for correlations of the me- 

hanical properties with tissue content [4,5] and structure, includ- 

ng, e.g., collagen fiber orientation [6,7] or waviness [8,9] . Nonethe- 

ess, none of these parameters alone allow a prediction of aortic 

issue mechanics or possible failure. 

The composition of the aortic wall is not trivial. Three layers, 

.e. intima, media, and adventitia are characterized by distinct me- 

hanical properties and architecture [10] . It was shown that the 

trength of the aorta is maintained mainly by the components of 

he extracellular matrix (ECM) [10] , in particular by collagen [11] . 

pecifically, earlier studies showed that the aortic wall mainly ac- 

ommodates collagen molecules of type I and III [12–14] , which 

orm collagen fibrils [15–17] . Some studies focused on the mechan- 

cal characterization of an isolated collagen monomer [18] or fibril 

19] , but it should be taken into account that collagen fibrils do 

ot act independently in the aortic wall [20] . Recent studies have 

hown that bundles of collagen fibrils, i.e. collagen fibers, change 

heir microstructural organization in loaded arterial tissues [21–

5] . Nevertheless, the mechanical properties of the tissue may not 

nly be limited to the micro-architecture, but also be influenced 

y the quality [26] and integrity [27] of the collagen fibers. 

The collagen fiber, visualized with electron microscopy, e.g., 

y Dingemans et al. [28] , can be described as a bundle of colla-

en fibrils with interposed proteoglycans. Proteoglycans (PGs) are 

olecules that consist of a core protein with one or more co- 

alently attached glycosaminoglycan chains [29,30] . It should be 

oted that different types of PGs in the aorta have been identi- 

ed either directly in the ECM or in collagen fibers. The main PG 

s versican, which is located in the medial and endothelial layers, 

hile small leucine-rich PGs such as decorin and biglycan are often 

ound incorporated in collagen fibers [31,32] . PGs have drawn at- 

ention in current studies on the aorta [33] and it has been shown 

hat their content increases significantly in diseases of the aortic 

all such as atherosclerosis [34,35] or aneurysm formation [36] . 

ote that the mechanical behavior of healthy to diseased arte- 

ial tissues also changes [37,38] , although the mechanical role of 

Gs in the altered arterial mechanics has not yet been shown. The 

echanical role of PGs in collagen fibers embedded in soft tis- 

ues is the subject of ongoing debate [39] . The proposed hypothe- 

es that are assigned to PGs range from roles of load-transmitting 

lastic bridges between collagen fibrils [40,41] , mechanical cou- 

lings [42] , assistance for sliding [39,43] , to eventually no load- 

ransmission role, but an influence on the stress relaxation [44] . 

n addition, it was suggested that the osmolarity of the intersti- 

ial fluid determines the mechanical properties of PGs, which con- 

equently change the stretching and folding patterns of collagen 

bers [45] and the mechanical response of the tissue [46] . The me- 

hanical role of PGs in arterial collagen has hardly been studied. 

owever, some studies have focused on the general presence of 

Gs in arteries and their relationship to the mechanics of the aorta. 

zeloglu et al. [47] suggested that PGs maintain residual stresses 

n the aortic wall, while Mattson et al. [48] suggested that PGs, or 

ore precisely glycosaminoglycans, could play an important role in 

ollagen recruitment. In summary, the possibility of the mechanical 

ole of PGs in soft tissues, including arteries, should not be rashly 

enied, as the glycan molecule can be stretched up to 10% [49] and 
a

301 
he binding force between a collagen fibril and a PG is estimated 

o be greater than the strength of a glycosaminoglycan chain [42] . 

The aim of this study is therefore to advance our knowledge 

f the ultrastructure of collagen fibers embedded in the human 

ortic wall that is exposed to biaxial mechanical loads in planar 

onfiguration. We stretched the aortic wall equibiaxially and used 

lectron tomography [50] , an advanced technique of transmission 

lectron microscopy (TEM) [51,52] , to record the three-dimensional 

3D) organization of collagen fibrils and PGs. The 3D organization 

as then reconstructed using different segmentation approaches. 

t should be emphasized that a 3D investigation technique has dis- 

inct advantages over a 2D investigation technique which only pro- 

ides 2D projections of fairly complex 3D structures. The lack of 

he third dimension can lead to a serious misinterpretation of the 

eometry and arrangement of the depicted objects, as shown in 

ig. 1 . 

. Methods 

The protocols for sample preparation, biaxial extension test, 

ransmission electron microscopy, volume reconstruction, and seg- 

entation of collagen fibrils and PGs were performed on spec- 

mens obtained from a non-atherosclerotic and non-aneurysmal 

6-year-old male human abdominal aorta. The aorta was received 

ithin 24 hours after death and stored in phosphate-buffered 

aline (PBS), pH 7.4, and at 4 ◦C until testing, which was completed 

ithin 24 hours after specimen delivery. The use of autopsy mate- 

ial has been approved by the local Ethics Committee of the Med- 

cal University of Graz (27-250 ex 14/15). 

.1. Sample preparation for mechanical testing 

The intact aortic tube was cut open longitudinally and three 

quare samples measuring 20 × 20 mm and one rectangular sam- 

le measuring 10 × 5 mm were cut. The square samples were sub- 

ected to biaxial extension tests, while the rectangular sample was 

xed directly overnight in the load-free state with 2% glutaralde- 

yde in PBS at 4 ◦C prior to preparation for electron microscopy. 

articular care was taken to ensure that edges of the square and 

ectangular samples were in line with the circumferential and lon- 

itudinal directions of the aorta. The mean thickness of each sam- 

le was measured optically according to the method described in 

ommer et al. [53] . 

For biaxial testing, each square sample was pierced with four 

ets of five hooks connected with surgical sutures [54] . In order to 

nsure reproducible results and a uniform strain field in the mid- 

le of the sample during the test, the template was designed for 

ooking based on the findings of Eilaghi et al. [55] . The distance of 

 mm between the hooks on each side together with the distance 

f 2 mm between the specimen edge and the hooks resulted in 

he smallest practical distance between the attachment points on 

djacent edges ( Fig. 2 (a)). The surface of the sample was sprinkled 
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Fig. 2. (a) Hooking template based on the results of Eilaghi et al. [55] with an area in the middle used for optical tracking, marked in gray; (b) specimen that was hooked 

into the biaxial extension testing device [56] according to the specification and submerged in a basin filled with glutaraldehyde for fixation in the stretched state; (c) sample 

after fixation shows the luminal side, with red boundaries representing the cutting pattern before sample preparation for electron tomography. 
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y a black pulverized tissue marker (BioGnost Ltd., Zagreb, Croatia) 

n order to generate a scattered pattern that is suitable for optical 

racking via the video-extensometer (VE) such as [6] . 

.2. Biaxial extension testing 

The prepared samples were mounted in a biaxial testing device 

s described by Sommer et al. [56] . In short, the setup integrates 

our linear actuators with load cells, which are mounted using L- 

haped brackets, and a VE system laserXtens (ZwickRoell Testing 

ystems GmbH, Fürstenfeld, Austria) that enables two-dimensional, 

on-contact stretch measurements in the center of the sample us- 

ng a scattered pattern on the sample surface. During the test, the 

ample is submerged in PBS, which is tempered at 37 ◦C ( Fig. 2 (b)).

In this study, a stretch-driven protocol based on VE measured 

tretches was used. The samples were loaded equibiaxially and 

uasi-statically at a rate of 3 mm/min. Each of the three square 

amples was tested at a different stretch level, i.e. the first sam- 

le up to λ = 1 . 05 , the second up to 1.10, and the third up to 1.15.

he proposed stretch levels are based on the finding of Kamenskiy 

t al. [57] , who showed that the maximum stretch of an abdomi- 

al aortic wall during the equibiaxial test could be 1.05. The sub- 

equent 1.10 and 1.15 stretching steps were a natural consequence 

f the first step. Each sample was subjected to a preload of about 

0 mN followed by five cycles of preconditioning to obtain repro- 

ucible responses. Thereafter, each sample was reloaded until the 

aximum stretch level, i.e. λ = 1 . 05 , 1.10, and 1.15, respectively, 

nd was held at this stretch level. While the specimen was held 

t its defined stretch level, the PBS in the basin was replaced by 

% glutaraldehyde in PBS and left there for 4 hours at room tem- 

erature for thorough sample fixation. 

In order to quantify the mechanical behavior of the tissue, 

auchy stresses in the circumferential ( θ ), and longitudinal (z) di- 

ections were calculated according to Humphrey et al. [58] 

θθ = λθ
f θ

HL z 
, σzz = λz 

f z 

HL θ
, (1) 

here λθ and λz are the stretch ratios computed on the basis of 

he VE data sets, f θ and f z are the loads measured by the load

ells, L θ and L z are the undeformed specimen lengths over which 
302 
he loads act (all in the circumferential or longitudinal direction), 

nd H is the undeformed thickness obtained by optical measure- 

ents. Only normal stresses were calculated, assuming that shear 

tresses in planar biaxial extension tests on fiber-reinforced mate- 

ial are negligible, as shown by Sommer et al. [56] for the human 

yocardium and confirmed by Niestrawska et al. [6] for human 

ortic tissues. 

.3. Sample preparation for transmission electron microscopy 

Upon fixation, the center of each sample was cut into three 

ectangles measuring about 2 × 5 mm, the longest edge of which 

ndicated the longitudinal direction of the aorta. In order to create 

 geometry that makes it possible to maintain the orientation and 

he order of the layers after the sample preparation has been com- 

leted, the upper right corner was cut while the tunica intima was 

n top ( Fig. 2 (c)). The same procedure was applied to the sample

xed at the load-free state. 

The staining and embedding protocols followed that of Williams 

t al. [59] . In short, post-fixation was carried out overnight in 1% 

upromeronic Blue (Polysciences Europe GmbH, Hirschberg an der 

ergstrasse, Germany) in 0.2 M acetate buffer with 0.3 M MgCl 2 
ought to uncover PGs. Each sample was then rinsed in 0.2 M ac- 

tate buffer containing 0.3 M MgCl 2 . One hour immersion in 0 . 5%

a 2 WO 4 in acetate buffer followed by an overnight immersion in 

 . 5% Na 2 WO 4 in 30% ethanol. Next, a rinse in distilled water was 

erformed before staining with 1% uranyl acetate in 0.1 M acetate 

uffer for one hour to visualize collagen fibrils. The samples were 

insed in 0.1 M maleate buffer and later in distilled water, and de- 

ydration was performed with graded ethanol and propylene ox- 

de. Finally, the specimens were infiltrated and embedded in epoxy 

esin (TAAB Laboratories Equipment Ltd, Reading, UK) and poly- 

erized at 60 ◦C for 3 days (the reader is referred to [60] for fur-

her details). 

The embedded samples were trimmed so that the longest edge 

ontinuously corresponds to the longitudinal direction of the aorta 

see Fig. 3 ). An EM UC 7 Ultramicrotome (Leica Microsystems, Vi- 

nna, Austria) was used to cut semi-thin sections with a thickness 

f 500 nm with a glass knife, and the sections were stained with 

oluidine blue (Agar Scientific Ltd, Essex, UK) to identify the aor- 
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Fig. 3. (a) Representative sample stained and embedded in epoxy resin. The red boundaries represent the geometry section after fixation in the stretched state, see Fig. 2 (c). 

The blue boundaries represent the trimmed edges of a semi-thin section in (b), while the green contour represents the perimeter of the ultra-thin section in (c). The longest 

edge indicates the longitudinal direction of the aorta. 
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ic layers. Since toluidine blue is a monochromatic stain, we also 

ried methylene blue-azure II-basic fuchsin, a polychromatic stain, 

o help identify the aortic layers. To produce the methylene blue- 

zure II-basic fuchsin stain, a solution of methylene blue (Bayer- 

eister-Lucius, Leverkusen, Germany) and azur II (Fluka Chemie 

mbH, Buchs, Switzerland) was first used according to the rapid 

taining method of Böck [61] . Then 3 ml of the solution of methy-

ene blue-azur II and 2 ml of a base solution of a basic fuchsin (Carl

oth GmbH, Karlsruhe, Germany) were mixed in 3 ml of 0.2 M 

odium phosphate buffer (pH 7.4). Images of the stained semi-thin 

ections were recorded using a transmitted light microscope Leica 

M 60 0 0 B (Leica Microsystems, Vienna, Austria). 

The 250 nm thick ultra-thin sections for electron tomography 

ere cut with a diamond knife again using an EM UC 7 Ultrami- 

rotome (Leica Microsystems, Vienna, Austria). These sections were 

ontrasted with 2% uranyl acetate in double distilled water for 

0 min and lead citrate for 30 s. Finally, protein A coated colloidal 

0 nm gold particles (BBI Solutions, Blackwood, UK) were applied 

o both sides of the grid for 10 min to act as fiducial markers 

60,62,63] . 

.4. Transmission electron microscopy 

Transmission electron micrographs were recorded with a Gatan 

ltrascan 10 0 0 charge coupled device (CCD) camera (tempera- 

ure −25 ◦C; acquisition software Digital Micrograph; Gatan, Mu- 

ich, Germany) on a Tecnai G2 20 transmission electron micro- 

cope (TEM) (FEI, Eindhoven, Netherlands) [62,64] at an acceler- 

tion voltage of 200 kV in bright-field mode with the help of the 

oftware package SerialEM (Mastronarde Group, University of Col- 

rado, Boulder, USA) [65] . 

When the ultrastructure of the tissue was analyzed, a montage 

f about 100 images was first recorded over the region of interest 

ROI) with a pixel size of 12 nm. The ROI was chosen for the area

hat contained collagen fibers representative for the specific sam- 

le and allowed high tilt angles. Next, the area within the ROI was 

elected for tomography and exposed to a dose of 20 0 0 e per Å 

2 

o minimize shrinkage and warping of the section during single- 

xis tilt series captured from −65 ◦ to +65 ◦ in an angular step of 

 

◦ with a pixel size of 0.5 nm. The software IMOD (Mastronarde 

roup, University of Colorado, Boulder, USA) [66] was used to align 

he tilt series and to reconstruct tomograms using the back projec- 

ion algorithm. The principle of electron tomography and volume 

econstruction is shown schematically in Fig. 4 . Finally, the recon- 

tructed tomograms had a size of 2048 × 2048 × 100 cubic voxels 
303 
ith a voxel edge length of 0.5 nm. The microscopy images and re- 

onstructed tomograms were visualized with the open source soft- 

are package Fiji [67] . 

.5. Segmentation 

In this study, several segmentation approaches were examined 

n order to find a method that effectively separates PGs and col- 

agen fibrils [68] . First, a two-stage method was studied [69] . The 

rst stage of this approach based on a deep-learning approach us- 

ng a convolutional neural network (CNN) [70,71] for patch-based 

eak binary image segmentation. In the second stage, a total- 

ariation- and thresholding-based classifier was applied to obtain 

mooth and regular binary segmentation. In subsequent attempts 

hat are described in detail in the following, preprocessing with 

V- � 1 denoising [72] followed directly by binarization with a de- 

ned threshold value was considered. Next, a tube detection fil- 

er [73] was applied prior to hysteresis thresholding. Finally, the 

egmentation was carried out again based on a deep learning ap- 

roach, in particular a CNN using U-Net [74] and ESPNet [75] mod- 

ls. 

The TV- � 1 denoising is a total variation based model that is ob- 

ained from the Rudin-Osher-Fameti model [76] by replacing the 

uadratic data fitting term with a � 1 norm data fitting term [72] , 

hich leads to 

in 

u 

∫ 
�

| Du | + λ|| u − f || 1 , (2) 

here � is the domain of the image u and the given noisy im- 

ge f , Du is the distributional derivative of u and λ is the regu- 

arization parameter. The TV- � 1 model has the nice property to be 

ontrast invariant, i.e., the regularization parameter λ can be used 

o tune the maximum size of the structures that are removed dur- 

ng the denoising process invariant to the contrast of these struc- 

ures. Hence, the interesting but low-contrast structures are not 

ost during the denoising. The TV- � 1 denoising was applied to re- 

onstructed tomograms in 3D, whereby the resolution was reduced 

o 512 × 512 × 25 voxels in order to reduce the computation time. 

he intensities of each preprocessed image u (x ) were normalized 

etween 0 and 1 for each pixel x . Eventually, the image u (x ) was

inarized with a selected threshold value t so that the binarized 

mage v (x ) was obtained as 

 (x ) = 

{
1 if u (x ) ≥ t, 
0 else . 

(3) 
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Fig. 4. (a) Schematic representation of a tilt series recording for electron tomography. Transmission electron microscopy images are taken at various tilt angles, starting at 

the negative high angle through the horizontal position of the sample to the positive high angle. (b) Steps of the electron tomography comprise the recording of projection 

views of a specimen at different tilt angles and volume reconstruction, e.g., by means of a back projection algorithm from the projection views. Illustration is based on Fig. 1 

of Subramaniam et al. [50] . 
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Alternatively, a tube detection filter was used [73] . In short, this 

lter improves structures with tubular geometry, i.e., structures 

f circular cross-section in which intensities change similarly to a 

aussian distribution and with fairly constant intensities along the 

xis. The neighborhood of a pixel x 0 in an image u was examined 

sing the Taylor expansion 

 (x 0 + �x ) ≈ u (x 0 ) + �x ∇u (x 0 ) + 

1 

2 

�x T ∇ 

2 u (x 0 )�x, (4)

here ∇u (x 0 ) is the gradient vector and ∇ 

2 u (x 0 ) is the Hessian

atrix at x 0 . Since the tubular structures can appear in different 

izes [77] , a scale σ was introduced [73] . Therefore, 

 

2 u 

σ (x 0 ) = σ 2 ∇ 

2 u (x 0 ) (5) 

escribes the Hessian matrix of pixel x 0 at the scale σ , and u σ is

he image u smoothed with a Gaussian filter with standard devia- 

ion σ . 

Next, the local curvature around the pixel x 0 was analyzed by 

n eigenvalue decomposition of the scaled Hessian matrix, result- 

ng in three orthonormal directions, v 1 , v 2 and v 3 ( | v i | = 1 ), which

an also be understood as principal axes. The corresponding eigen- 

alues λ1 , λ2 and λ3 ( | λ1 | ≤ | λ2 | ≤ | λ3 | ) can be interpreted as mo-

ents of inertia about these axes. For a tube, v 1 is in line with the

ube axis, the following relations are fulfilled 

 λ1 | ≈ 0 , | λ1 | � | λ2 | , | λ2 | ≈ | λ3 | , (6)

here λ1 is very small, ideally zero, λ2 and λ3 are greater than λ1 

nd similar, ideally equal [73] . 

Furthermore, Frangi et al. [73] proposed two dissimilarity mea- 

ures, namely R B and R A , and a measure for the ‘second-order 

tructureness’ S. Consequently, 

 B = 

| λ1 | √ | λ2 λ3 | 
, R A = 

| λ2 | 
| λ3 | , S = 

√ ∑ 

j≤n 

λ2 
j 
, (7) 

here n is the dimension of the image. The ratio R B reaches its 

aximum for a blob-like structure and therefore evaluates the de- 

iation of the given structure from the spherical geometry. The 

 A takes into account the aspect ratio of the two largest eigen- 

alues and thus allows the recognition of tubular structures for 
304 
hich R A approaches 1. The measure S complements the regions of 

igh contrast where at least one of the eigenvalues is large. Finally, 

he tubularity function R for dark structures on a light background 

tates 

 = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

0 if λ2 < 0 or λ3 < 0 , [
1 − exp 

(
− R 

2 
A 

2 α2 

)]
[ 

exp 

(
− R 2 B 

2 β2 

)] [
1 − exp 

(
− S 2 

2 c 2 

)]
else , 

(8) 

here α, β , and c are threshold values that regulate the sensitivity 

f the filter [73] . To further improve the results, hysteresis thresh- 

lding was implemented, so a high and a low threshold were cho- 

en. A response above the high threshold was accepted and con- 

idered a strong response, while a response below the low thresh- 

ld was rejected. A response between high and low thresholds was 

nly accepted if it was close to a strong response. 

CNNs are widely used deep learning approaches for image 

nalysis-related tasks [70,71] . The distinguishing feature of CNN is 

hat network layers are not fully connected, each neuron is only 

onnected to the neighboring neurons of the next layer. In addi- 

ion, a set of weights called the kernel is shared for each neuron 

n the layer. Local connectivity and weight distribution offer advan- 

ages through the reduction of parameters, i.e. the ability to handle 

ata with large dimensions. For the two networks described below, 

.e. U-Net [74] and ESPNet [75] , the following functions have been 

mplemented [68] . The leaky rectified linear unit (LReLU) func- 

ion 

f ( x ) = 

{
αx if x ≤ 0 , 

x if x > 0 , 
(9) 

here α = 0 . 01 was used to activate inner layers, whereas the sig- 

oid function 

f (x ) = 

1 

1 + exp (−x ) 
(10) 

ctivated the output layer [78] . The cross-entropy loss [79] , also 

alled log loss, was used as the loss function. Since only two 
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Fig. 5. The architectures of the networks used in this study were based on the U-Net (a), modified from Ronneberger et al. [74] , and ESPNet (b), adapted from Mehta et al. 

[75] . In (a), gray boxes represent feature maps and light gray boxes correspond to the copied feature maps. The number of channels is shown at the top of each box. The 

resolution for each level is shown on the left as a fraction of the input resolution W × H. In (b), the down- and up-sampling modules are marked red and green, respectively. 

The following abbreviations for modules are used: Conv- n = convolution with a n × n kernel; Concat = concatenation; DeConv = deconvolution. The number of input and 

output channels is noted above the modules, where C represents the number of classes in the data set and corresponds to 1 in our application. 
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lasses are needed for our application, namely proteoglycan and 

on-proteoglycan or collagen and non-collagen, the binary cross- 

ntropy loss function � BCE ,x for a pixel x can be expressed as 

 BCE ,x = −[ t x log (σ (o x )) + (1 − t x ) log (1 − σ (o x ))] , (11)

here t x is the target and σ (o x ) is the probability estimate for the

utput o x , all at the pixel x . The final loss value is calculated as the

oss averaged over all pixels. To minimize the loss, the adaptive 

oment estimation (Adam) optimizer was chosen [80,81] . Adam 

ptimizer updates the parameters θ ∈ R 

d of the model with the 

ule 

t+1 = θt − τ√ 

˜ v t + ε
˜ m t , (12) 

here θt+1 are the updated parameters with respect to the param- 

ters θt , taking into account the gradient of the loss function as 

xpressed in the bias-corrected first and second raw moment es- 

imates ˜ m t and 

˜ v t , respectively, and controlled by the increment 

and the smoothing term ε [80] . In addition, the performance of 

oth networks has been significantly improved with the addition 

f a normalization layer. As a result, the instance normalization 
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82] was selected, which could also be viewed as a special case 

f the group normalization [83] . 

The first network examined as part of this study was based on 

he U-Net architecture proposed by Ronneberger et al. [74] with its 

odification for feature extraction proposed by Knöbelreiter et al. 

84] , see Fig. 5 (a) for the network architecture and [68] for de-

ails. In short the network consists of a contracting and an ex- 

ansive path. In the contracting path, convolutions are followed 

y an LReLU activation function and an instance normalization, the 

own-sampling is carried out by the max pooling method. The ex- 

ansive path consists of convolutions with the LReLU activation 

unction, bilinear up-sampling and the sigmoid activation function 

n the last layer. 

The other network examined followed the efficient spatial pyra- 

id network (ESPNet) approach proposed by Mehta et al. [75] , see 

ig. 5 (b) for the network architecture and [68] for specifications. In 

hort, the ESPNet architecture consists of an encoder and a decoder 

ath. In the encoder path, the down-sampling is implemented by 

he convolution and ESP modules. The deconvolution is responsi- 

le for the up-sampling in the decoder path. At a given level n , the



A. Pukaluk, A.-S. Wittgenstein, G. Leitinger et al. Acta Biomaterialia 141 (2022) 300–314 

Fig. 6. Cauchy stress vs. stretch behavior in the circumferential direction (red solid 

curve) and the longitudinal direction (black dotted curve) of equibiaxially stretched 

specimens from the human abdominal aorta. The tests were stopped for sample 

fixation at the stretch of 1.05, 1.10, and 1.15, respectively. 
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Table 1 

Cauchy stresses in circumferential ( σθθ ) and longitudinal ( σzz ) directions calculated 

for the human abdominal aortic wall at 1.05, 1.10, and 1.15 stretch ( λθ , λz ) during 

the equibiaxial test. 

λθ , λz σθθ σzz 

(kPa) (kPa) 

1.05 7.3 7.1 

1.10 15.4 14.5 

1.15 75.2 35.5 
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SP module is repeated αn times, where α is a hyperparameter 

hat controls the depth of the network. 

For both networks, the ground truth representing PGs or col- 

agen fibrils was manually segmented by an experienced operator 

sing the software Fiji [67] . Finally, twelve segmented images were 

ivided into eight training and four validation images. In order to 

educe the computating time, the resolution of the input and tar- 

et images has been reduced by two. In addition, the images were 

ivided into four quadrants and the intensities were normalized 

etween 0 and 1. Since the small amount of training data caused 

evere overfitting, data augmentation was necessary. The data were 

ugmented by rotation, shifting, flipping, and elastic deformation 

68,85] . 

The results of the examined segmentation methods were com- 

ared with the measures of accuracy and intersection over union 

IoU). The accuracy is the percentage of correctly classified voxels, 

hile IoU is the ratio between the intersection and the union of 

he obtained output U and ground truth T, i.e., 

oU = 

| U ∩ T | 
| U ∪ T | , (13) 

hus the IoU is equal to one for perfect segmentation results, while 

t approaches zero for many incorrectly recognized voxels. 

Finally, the segmented tomograms were refined by the guided 

mage filtering [86] . In short, the output image u results from 

 q = a x g q + b x ∀ q ∈ ω x , (14) 

here g is the guide image, ω x is a square window with radius r

round pixel x , and a x and b x are linear coefficients that are as-

umed to be constant within the window ω x and can be deter- 

ined by solving the minimization problem 

(a x , b x ) = 

1 

2 

∑ 

q ∈ ω x 
[(a x g q + b x − f q ) 

2 + εa 2 x ] , (15)

here f is the input image and ε is a regularization parameter. 

All of the pipelines described above have been implemented 

n Python using the PyTorch library. The resulting 3D aortic ul- 

rastructure with collagen fibrils and PGs was visualized with the 

oftware Amira (FEI, Visualization Sciences Group). 
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. Results 

This section is intended to evaluate the procedures proposed in 

hapter 2 . The results of the planar biaxial extension test, staining 

f semi-thin sections, the electron tomography and finally the seg- 

entation of collagen fibrils and PGs are presented and analyzed. 

.1. Biaxial extension test 

No apparent damage or rupture of the tissue was observed 

uring the experiments. After five cycles of preconditioning, the 

tress-stretch curve stabilized and become repeatable as expected 

ased on previous studies [87–89] . Furthermore, the reproducibil- 

ty of the test results confirmed no impairment of the samples dur- 

ng preparation. It is noteworthy that all of the tissue patches pro- 

uced remarkably similar mechanical responses within the range 

f stretch achieved. This could indicate a uniform tissue composi- 

ion and comparable ultrastructure across all tested samples. 

The aortic wall showed anisotropy with a more compliant be- 

avior in the circumferential direction ( Fig. 6 ). A nonlinear me- 

hanical response [90] was also found, although 1.15 was the maxi- 

um stretch achieved. The fixation of the samples in the unloaded 

tate and at different stretch levels, i.e. 1.05, 1.10, and 1.15, captured 

arious stages of the aortic wall response to the applied load. At 

he stretch of 1.05, the stress-stretch behavior was linear, while the 

tretch of 1.10 corresponded to the end of the linear regime. The 

tretch of 1.15 was related to tissue stiffening. The stress-stretch 

esponses are shown in Fig. 6 , while Cauchy stress values at de- 

ned stretch levels are shown in Table 1 . The sample fixation with 

lutaraldehyde in the stretched state was considered as successful, 

ince neither sample shrinking nor other deformations were ob- 

erved after releasing the load, i.e., removal of the tissue from the 

esting device. 

.2. Layer identification for transmission electron microscopy 

Since we have tested and embedded an intact abdominal aor- 

ic wall consisting of specific layers, the staining of semi-thin sec- 

ions is of great importance in order to ensure the correct layer 

ecognition prior to electron microscopy [60] because the layers 

annot be identified with naked eye after Cupromeronic Blue stain- 

ng. Fig. 7 illustrates the microstructure of the aortic layers at the 

oad-free state and with stretches of 1.05, 1.10, and 1.15 using tolu- 

dine blue staining. Since toluidine blue is often used to stain a 

ariety of cells [91,92] and the media mainly consists of vascular 

mooth muscle cells [28,93] , it was used for layer identification. 

ue to its glycosaminoglycan content, toluidine blue also stains 

ollagen bundles [91,92] . The intima was recognized by a carpet- 

ike architecture of intimal collagen, while the adventitia was iden- 

ified by diagonally and longitudinally aligned thick collagen bun- 

les [6] . 

On the medial layer ( Fig. 8 ) the methylene blue-azur II-basic 

uchsin staining was tested in order to improve the differentiation 

f the ECM components, especially of collagen and elastin, as early 

tudies attributed clearly different colors to these proteins [94,95] . 
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Fig. 7. Histological sections of different layers of the aortic wall at different stretches: intima (a),(d),(g),(j), media (b),(e),(h),(k), and adventitia (c),(f),(i),(l) stained with 

toluidine blue at the load-free state (a)–(c) and for stretches of 1.05 (d)–(f), 1.10 (g)–(i), and 1.15 (j)–(l). The longitudinal and circumferential directions are vertical and 

horizontal, respectively. Scale bars denote 50 μm. 
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Fig. 8. Adjacent sections of the aortic media, stained with toluidine blue (a) and methylene blue-azure II-basic fuchsin (b). The longitudinal and circumferential directions 

are vertical and horizontal, respectively. Scale bars denote 50 μm. 
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Fig. 9. Fragment of a montage of TEM images showing the ultrastructure of the 

aortic media at 1.15 stretch with multiple regions of collagen fibril bundles marked 

with C. Scale bar corresponds to 1 μm. 
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ndersson [94] reported collagen stained pink to red and elastin 

iolet, while Fritsch [95] described collagen as stained blue to pur- 

le and elastin in red. Recent studies [96,97] found that collagen 

nd elastin were stained pink or red, which is more in line with 

ur results ( Fig. 8 ). The differences may be due to the use of dif-

erent solvents and dilutions or post-fixation and staining of the 

ample prior to embedding. However, there is agreement about the 

ight blue staining of the cytoplasm and the dark blue staining of 

he nucleoli. 

.3. Transmission electron microscopy 

Our staining protocol resulted in a good contrast in TEM im- 

ges (see Figs. 9 and 10 ) for both collagen fibrils and PGs. We

lso tested contrasting of ultra-thin sections with platinum blue, 

5 min, and lead citrate, 7 min, but this procedure produced an 

nsatisfactory contrast (data not shown). Consequently, the subse- 

uent steps were based on ultra-thin sections stained with uranyl 

cetate and lead citrate. 

The montages of the ultrastructure of the tissue (see, e.g., Fig. 9 ) 

ade it possible to recognize representative collagen fibril bundles, 

.e. collagen fibers, before further enlargement, in order to be able 

o record electron tomograms of collagen fibrils together with PGs 

 Fig. 10 ). The appearance of the collagen fibers was similar to that 

f other vascular tissues [28,59,98] , i.e. the collagen fibers were 

onsisted of almost parallel and relatively long fibrils. Interestingly, 

ollagen fibrils are often recognized because of their D-periodicity 

16,17] , which was missing in our images. 

A plausible explanation of this disparity could be differences in 

issue processing and staining protocols [99] . The frequently used 

ost-fixation with osmium tetroxide [51,52] , which reveals the D- 

eriodicity of collagen, shows no PGs [100] . In addition, it has been 

uggested that PGs are barely visible, not because of poor stain- 

ng, but because they are mostly extracted during tissue process- 

ng [101] . Similar to our study, the D-periodicity in collagen fib- 

ils was not observed in the studies that successfully record PGs 

28,59,101] . These observations speak for the explanation of differ- 

nt protocols, but it should be noted that the missing D-periodicity 

as also assigned to tissue calcifications [102] , collagen damage 

103] or changes in the collagen structure caused by the abdom- 

nal aortic aneurysm formation [104] . 
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.4. Segmentation 

Among the tested segmentation methods, i.e. TV- � 1 denoising 

ollowed by thresholding, tube detection filtering and CNNs in- 

luding U-Net and ESPNet models, CNNs showed the most accu- 

ate results ( Table 2 ). The tomograms were found to be difficult to 

egment because neither the collagen fibrils nor the PGs were as- 

igned obvious gray levels. In addition, each data set showed dif- 

erent voxel intensities. Finally, strong irregularities in voxel inten- 

ities were observed within the structure of interest, e.g., PGs ap- 

eared darker in most images, but also contained light voxels. The 

V- � denoising solved the irregularities in the voxel intensities, 
1 
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Fig. 10. The TEM image from an electron tomogram shows collagen fibrils (some 

labeled C) along with proteoglycans from the aortic media at a stretch of 1.15. 

The black dots show the protein A colloidal gold particles. Scale bar corresponds 

to 100 nm. 

Table 2 

Assessment measures, accuracy, and intersection over 

union (IoU), for various segmentation methods used for 

PGs extraction. 

Segmentation method Accuracy IoU 

Thresholding after TV- � 1 0.4131 0.3018 

Frangi tube detection filter 0.5227 0.2025 

CNN: U-Net model 0.7279 0.5961 

CNN: ESPNet model 0.9669 0.6258 
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Table 3 

Assessment measures, accuracy, and intersection 

over union (IoU), for CNN models used for colla- 

gen fibrils extraction. 

Segmentation method Accuracy IoU 

CNN: U-Net model 0.8269 0.7086 

CNN: ESPNet model 0.9511 0.9048 
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ut the regularization parameter λ had to be adjusted individually 

or each data set. 

The tube detection filter was also unsuccessful for our applica- 

ion. Frangi et al. [73] proposed this filter for improved visualiza- 

ion of the human vascular system, which is imaged with magnetic 

esonance angiography (MRA). This filter has been widely accepted 

nd further developed, e.g., for an application on photoacoustic im- 

ges of the vasculature [105] . However, the vessels in MRA im- 

ges are comparatively long, do not cross any image boundaries 

nd, in contrast to the collagen fibrils and PGs imaged by TEM, 
ig. 11. Fragment of the image from a reconstructed electron tomogram (a) as well as 

enoising followed by thresholding (b), the tube detection filtering (c), and the ESPNet m
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ake up a relatively small volume of the entire data set. In partic- 

lar, collagen fibrils exceed the volume of tomograms and showed 

 relatively variable diameter along the axis, while PGs are rela- 

ively short. Considering that the mathematical tubularity assump- 

ion applies in the middle regions, but not at the ends, the assign- 

ent of eigenvalues is not valid for a proportionally large volume 

f a proteoglycan. The accuracy and IoU obtained for PGs are pre- 

ented in Table 2 for the filter parameters α = 0 . 5 , β = 0 . 5 , as rec-

mmended in Frangi et al. [73] , and c = 0 . 75 chosen based on the

alue of the maximum Hessian norm [73] , see Eq. (8) . Both CNN

odels exceeded the TV- � 1 denoising and the Frangi tube detec- 

ion filter, as indicated in Table 2 . In addition, ESPNet delivered 

etter results in terms of accuracy and IoU for PGs ( Table 2 ) and

ollagen fibrils ( Table 3 ). Exemplary images of PGs segmented with 

ifferent methods are shown in Fig. 11 . 

The great performance of the CNN models was mainly achieved 

hrough the data augmentation ( Fig. 12 ). The training behavior 

 Figs. 13 and 14 ) also showed that the degree of accuracy alone

as not sufficient for correct data evaluation, especially for the 

egmentation of PGs. Note that PGs are in a much smaller vol- 

me than collagen fibrils in the images. Thus, although the same 

umber of images were used for PGs and collagen fibrils, less in- 

ormation about PGs was provided to the models. As a result, the 

raining behavior for PGs was less smooth and even showed a local 

verfitting, which is indicated as spikes in the Figs. 13 and 14 . In

ddition, it could be observed that the accuracy increased rapidly 

hile IoU increased gradually ( Fig. 14 (b)). A representative 3D or- 

anization of collagen fibrils and PGs is visualized in Fig. 15 . Un- 

urprisingly, the fine 3D organization of collagen fibrils and PGs 

as shown to be complex and undetectable in 2D. It can be ob- 

erved that not all PGs are attached to the collagen fibrils, but that 

ome fill the space between the fibrils with a clear distance from 

he collagen. In addition, some collagen fibrils, although commonly 

nderstood as being separate tubular-like structures, tend to fuse. 

his spatial arrangement cannot be captured and can be misinter- 

reted in 2D images. 

. Discussion and conclusion 

The analysis of the relation between the macroscopic mechani- 

al loading on the tissue and the nanoscopic changes of its struc- 
the binarized images showing PGs segmented with different methods: the TV- � 1 
odel followed by the guided image filtering (d). Scale bars denote 100 nm. 
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Fig. 12. Training behavior of the UNet for the segmentation of PGs shows the effects of data augmentation by comparing the loss without (a) and with (b) data augmentation, 

both for the training (blue) and for the validation data (orange). 

Fig. 13. Training behavior of the ESPNet for the segmentation of collagen fibrils (a),(c) and PGs (b),(d) represented by loss (a),(b) and accuracy (c),(d), both for training (blue) 

and for validation (orange) data. 

Fig. 14. The accuracy (green) and IoU (purple) of the validation data during ESPNet training for segmentation of (a) collagen fibrils and (b) PGs. 
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Fig. 15. Visualization of the 3D organization of collagen fibrils (green) and PGs (yellow) in the aortic media in the load-free state (a),(c) and at 1.15 stretch (b),(d) shown as 

axonometric projections (a),(b) and in-plane views (c),(d). Scale bars correspond to 100 nm. 
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ure is facing major challenges. One of these is to ensure that 

he structural changes observed are caused by the applied load. 

herefore, in the proposed approach, we used the well-established 

iaxial extension test, which is often used to identify the me- 

hanical properties of animal [25,89,106] and human aortic tis- 

ues [6,7,38,57,107–109] . In addition, we carefully designed the 

quibiaxial experiment taking into account the boundary condi- 

ions [54] and the uniformity of the strain field [55] . Therefore, 

he imaging is limited to a small area in the center of the sample.

s a result, individual variability and homogeneity within an aorta 

annot be recorded. Furthermore, applying this approach to highly 

nhomogeneous (diseased) tissues may require further validation. 

The recorded mechanical response of the aortic wall ( Fig. 6 ) 

grees well with earlier studies, e.g., Haskett et al. [108] identi- 

ed a greater compliance of the healthy human abdominal aorta in 

he circumferential direction. In addition, Niestrawska et al. [6] re- 

orted higher median Cauchy stresses in the longitudinal than in 

he circumferential direction for non-aneurysmal human abdom- 

nal aortas. On the other hand, Vande Geest et al. [38] , 107 ] re-

orted no significant difference in the mechanical response of the 

uman abdominal aortic tissues between the longitudinal and cir- 

umferential directions. This finding was confirmed by Kamenskiy 

t al. [57] , who tested aortas which were stiffer in either the cir- 

umferential or longitudinal direction. In summary, the mechani- 

al behavior obtained during this study was representative of the 

ealthy human abdominal aortic wall. 
311 
The next critical aim of this study was the precise determina- 

ion of the examined location within the aortic wall. To the best 

f the authors’ knowledge, this study presents the first guideline 

or the detection of aortic layers based on their in-plane architec- 

ure as stained with any staining appropriate for semi-thin resin- 

mbedded sections. The suggested staining methods were suffi- 

ient for the layer detection, but none of them were suitable for 

he analysis of the structural changes of collagen fibers and there- 

ore not comparable with second harmonic generation microscopy, 

s it is, e.g., in Niestrawska et al. [6] . 

The next goal was to image collagen fibrils including adjacent 

Gs. The detection of collagen fibers and fibrils is based on the 

vailable literature [28,59,101,110,111] , but it should be noted that 

he imaging of the human media ultrastructure was previously car- 

ied out in a load-free state [28] . To the best of the authors’ knowl-

dge, this is the first study to visualize the arrangement of collagen 

brils and PGs in the stretched aortic wall. It is also worth noting 

hat collagen fibrils are often imaged by TEM, but PGs are not. To 

he best of the authors’ knowledge, the clear staining protocol that 

eveals PGs [59] has not yet been validated, e.g., by immunode- 

ection. Although Cupromeronic Blue’s compatibility with immun- 

detection could prove difficult, it would be of interest for future 

tudies. Future studies could also aim to further develop our ap- 

roach and visualize collagen fibrils and PGs in the aortic wall still 

isible in their cylindrical configuration. 
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The thresholding and tube detection filter proved unsuitable for 

ur application. Moreover, the amount of data to train the CNN 

odels was an issue, especially for PGs, as shown by the train- 

ng behavior ( Figs. 12–14 ). The manual segmentation, especially of 

he 3D data, is a demanding and time-consuming task [112] and 

ntroduces operator-dependent inaccuracies [113] . As a solution, 

he annotation of maximum intensity projections instead of 3D 

tructures was proposed [112] , but the authors found that this ap- 

roach is not suitable for electron microscopy images. In this con- 

ext, we have tested the data augmentation approach and proven it 

ucessful. Although our segmentation approach excludes the sub- 

ectivity of different operators, it is still based on the operator- 

epended training data provided. It should therefore be noted that 

he boundary of the segmented objects could be influenced by a 

ias caused by the operator. It is noteworthy that the boundaries 

re critical when analyzing the contact between the segmented ob- 

ects. 

Although our study aimed to develop an effective approach and 

as limited to only one aorta, we were able to observe some ul- 

rastructural changes in the arrangement of collagen fibrils and 

Gs with increased degrees of stretch. These preliminary observa- 

ions might suggest that collagen fibrils are more densely packed 

t higher stretches and that PGs appear to be reoriented towards 

he radial direction, i.e., out-of-plane. 

The results obtained and the proposed protocols open up var- 

ous possibilities. The geometry of binarized objects representing 

ollagen fibrils and PGs could be quantified. As future work, it is 

lanned to analyze the segmented collagen fibrils and PGs with 

egard to the orientation, e.g., using the eigenvectors [73] , and the 

iameter, e.g., with the help of the adaptive multiscale medialness 

unction [114] or the distance transform [115,116] . These quantifi- 

ations would enable a comparison of the organization of collagen 

brils and PGs in the load-free and loaded states and prove (or 

isprove) their contribution to the macroscopic deformation of the 

issue. For example, on the one hand, the increased length and re- 

uced diameter of PGs could support the hypothesis of their func- 

ion as elastic bridges. The separation of PGs from collagen fibrils 

nder increased loading could support the hypothesis of their role 

s a mechanical coupling. On the other hand, little or no geomet- 

ic changes could indicate no contribution to load transmission. 

he comparison of the ultrastructure of collagen fibers in health 

nd disease would deepen our understanding of the relationship 

etween the architecture of collagen fibrils and aortic diseases. In 

ddition, such a knowledge is essential for the improvement and 

evelopment of constitutive [1,2] and multiscale [117–119] mate- 

ial models of soft biological tissues. Furthermore, the knowledge 

f the relationship between the structure and the mechanical prop- 

rties of the ECM is essential for the development of suitable scaf- 

olds for tissue engineering [120,121] . 
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