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Collagen fibre remodelling is a strain dependent process which is stimulated by the degradation of exist-
ing collagen. To date, literature has focussed on strain dependent degradation of pure collagen or struc-
turally simple collagenous tissues, often overlooking degradation within more complex, heterogenous
soft tissues. The aim of this study is to identify, for the first time, the strain dependent degradation beha-
viour and mechanical factors influencing collagen degradation in arterial tissue using a combined exper-
imental and numerical approach.
To achieve this, structural analysis was carried out using small angle light scattering to determine the

fibre level response due to strain induced degradation. Next, strain dependent degradation rates were
determined from stress relaxation experiments in the presence of crude and purified collagenase to
determine the tissue level degradation response. Finally, a 1D theoretical model was developed, incorpo-
rating matrix stiffness and a gradient of collagen fibre crimp to decouple the mechanism behind strain
dependent arterial degradation.
SALS structural analysis identified a strain mediated degradation response in arterial tissue at the fibre

level not dissimilar to that found in literature for pure collagen. Interestingly, two distinctly different
strain mediated degradation responses were identified experimentally at the tissue level, not seen in
other collagenous tissues. Our model was able to accurately predict these experimental findings, but only
once the load bearing matrix, its degradation response and the gradient of collagen fibre crimp across the
arterial wall were incorporated. These findings highlight the critical role that the various tissue con-
stituents play in the degradation response of arterial tissue.

Statement of Significance

Collagen fibre architecture is the dominant load bearing component of arterial tissue. Remodelling of this
architecture is a strain dependent process stimulated by the degradation of existing collagen. Despite
this, degradation of arterial tissue and in particular, arterial collagen, is not fully understood or studied.
In the current study, we identified for the first time, the strain dependent degradation response of arterial
tissue, which has not been observed in other collagenous tissues in literature. We hypothesised that this
unique degradation response was due to the complex structure observed in arterial tissue. Based on this
hypothesis, we developed a novel numerical model capable of explaining this unique degradation
response which may provide critical insights into disease development and aid in the design of interven-
tional medical devices.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Collagen fibre architecture is critical in healthy arterial function,
and it is believed that maladaptive remodelling of this fibrous
architecture may be involved in the development and progression
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of arterial disease [1]. Such remodelling may also play a critical role
in the biological response to intravascular devices, such as stents,
that dramatically alter the mechanical environment within an
artery [2–4]. To date, literature has predominantly considered
strain induced fibre reorientation [5–8] and there is a sparsity of
information available on the production and degradation of colla-
gen that occurs alongside fibre reorientation, both in vivo and
in vitro. Further investigation of these remodelling processes could
help our understanding of the role strain plays in the degeneration
of arterial tissue in disease [6,9,10] and following medical device
intervention which can alter the mechanical environment of the
vessel [11,12].

Previous studies on other soft tissues, such as tendon, corneal
tissue and bovine pericardium, have shown apparently conflicting
results on whether strain inhibits [13–18] or enhances [19,20]
enzymatic collagen degradation. In the stress relaxation study of
individual collagen fibres obtained from rat tail tendon, Wyatt
et al. [13] found a 73% decrease in enzymatic activity as relaxation
strain increased from 1% to 4%. This finding was supported by fibre
diameter measurements pre-and post-collagenase treatment. Sim-
ilarly, Robitialle et al. [15] investigated the role of low strain con-
ditions in the degradation of corneal collagen fibres in the
presence of bacterial collagenase. Using small angle light scattering
(SALS), they found that the application of a 6% tissue strain
increased fibre alignment with time as compared to unstrained tis-
sue, suggesting a protective mechanism for strained fibres. In con-
trast, Ellsmere et al. [19] found an increase in the rate of enzymatic
cleavage in bovine pericardium in response to increasing loads of 1
g, 10 g and 60 g. This increase was identified by a reduced time to
failure in creep tests as the initial load was increased. Interestingly,
this trend was more pronounced when collagen was subject to
dynamic loading conditions, an environment experienced by arter-
ies in vivo. It is worth noting however, that higher creep rates and
thus accelerated degradation may have occurred initially at low
loads based on the results presented.

These different degradation responses may be explained by a
study by Huang and Yannas [21] on reconstituted collagen in the
form of collagen tapes. Huang and Yannas experimentally mea-
sured the level of enzymatic collagen degradation of these tapes
at known strains, ranging from 1 to 7%. It was concluded that accel-
erated collagen degradation occurred at both high and low strain
levels, while, an intermediary, strain induced protective region
was found close to 4% strain. More recently, Ghazanfari et al.
[22] also identified a similar strain dependent degradation
response in fresh decellularised bovine pericardium. Compared to
Huang and Yannas [21], in Ghazanfari et al. a marked increase in
the tissue strain at which degradation is at minimum was identi-
fied, which may be explained by the initial reorientation and
straightening of constituent mature fibres with applied strain.
Whilst these previous studies have investigated the strain- and
load-mediated degradation of collagen fibres in structurally simple
collagenous tissues, they have overlooked collagen in its native
state within more complex, organised soft tissues.

Arterial tissue, in contrast to pure collagen or bovine peri-
cardium, can be considered as structurally more heterogenous
with circumferentially orientated collagen fibres [8] embedded in
a complex network of cells and other extracellular material. In
arterial tissue, matrix stiffness and collagen fibre crimp, present
through the wall thickness [23–25], may play a significant role in
collagen degradation and tissue remodelling but this has yet to
be determined. Furthermore, previous studies have only focussed
on small strain ranges, potentially missing critical information
across larger strain ranges which may be the case in existing stud-
ies of collagenous tissues [2,3,15]. These strain environments may
manifest themselves in arterial tissue through atherosclerosis
induced stiffening, aneurysm development and vessel expansion
due to stenting. It has yet to be established which, if any, of these
strain dependent degradation profiles exist in arterial tissue. If
established, these responses may play a pivotal role in our under-
standing of the development, progression and treatment of dis-
eased tissue.

Given the complexity and structural heterogeneity of the arte-
rial tissue, fully understanding the mechanisms determining the
effects of strain on collagen degradation is extremely difficult.
Mathematical and computational models can help to unravel these
mechanisms, due to their versatility and the potential to isolate
single parameters. A number of numerical studies have been devel-
oped to explore remodelling of arterial tissue [1,26] and other soft
collagenous tissues [27–31], and many of these include explicit
formulations for the degradation of collagen [27–30]. Although
these computational models are based on experimental data:
[29,30] using [19], [30] using [17]; and [28] using [21], no model
to-date has compared in silico predictions, incorporating collagen
degradation, to experimentally obtained strain- or load-induced
degradation of intact arterial tissue.

The overall objective of this study was to determine the strain-
dependent degradation response of arterial tissue, and in particu-
lar, that of the load-bearing collagen fibres within the tissue. To
achieve this, the study had the following specific aims; 1) to
directly investigate changes in collagen fibre distributions in
loaded tissues enzymatically treated with collagenase, 2) to inves-
tigate the degradation rate of arterial tissue ex vivo subject to
increasing strains through a series of uniaxial stress relaxation
experiments, in the presence of crude and purified bacterial colla-
genase, and 3) to develop a theoretical model of arterial degrada-
tion to elucidate the influence of non-collagenous matrix and
collagen crimp in the overall degradation response of the arterial
tissue.
2. Tissue preparation

Fresh porcine common carotid arteries were excised from 6-
month-old Large White pigs (n = 38) weighing approximately 80
kg at the time of slaughter. Carotid arteries were transported on
ice and frozen to �80 �C at a controlled rate of �1�C/min in the
presence of a cryoprotectant to maintain mechanical and structural
properties [32]. Samples were preserved for a period of 2–3 weeks
prior to mechanical and structural analysis of the tissue. Upon
thawing in a water bath at 37 �C [33], vessels were cut longitudi-
nally and opened flat removing residual strains (Fig. 1A) before cir-
cumferential (crude: n = 13; purified: n = 16) and axial (crude: n =
13) dogbone specimens were cut for mechanical analysis. Crude
collagenase contains a mixture of collagenase and other non-
specific proteases which results in the degradation of collagenous
and non-collagenous tissue (Fig. 1B). In contrast, purified collage-
nase has been treated to contain minimal secondary proteolytic
activity, allowing for more selective collagen degradation
(Fig. 1B) [34]. Circumferential strips (crude: n = 17) of width 4
mm were also cut for structural analysis using SALS. Arterial strips
were required for SALS assessment due to their larger surface area,
which reduced after collagenase treatment. The intima and adven-
titia were then carefully removed as carried out elsewhere [8,35],
to ensure a consistent circumferential collagen fibre architecture
[8] and to focus on the most mechanically relevant, medial layer
within the vessel wall [35]. Removing the intima and adventitia
also allowed transmission of laser light through the sample, a pre-
requisite of SALS analysis. Sample thickness after layer separation
was recorded using a measuring microscope with a micrometer
controlled stage for dogbone specimens: 0.711 ± 0.017 (0.112)
mm, and strip specimens: 0.646 ± 0.056 (0.144) mm. Dimensions
are expressed as mean ± SEM (SD).



Fig. 1. A) Schematic showing gradient of collagen fibre crimp which is exaggerated once residual strains are removed and B) histological images of picrosirius red stained
artery cross sections showing matrix and collagen degradation in the presence of crude collagenase in comparison to selective collagen degradation in the presence of purified
collagenase. Collagen shows as dark red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Structural response

3.1. SALS analysis

An in-house SALS system was used to assess changes in fibre
architecture due to strain dependent degradation. The system con-
sists of an unpolarised 5 mW HeNe laser (k = 632.8 nm; JDSU,
Newbury, UK), focussing lens (fl = 75 mm; Edmund Optics Ltd,
York, UK), automated sample positioner, projection screen and a
CMOS USB camera as described elsewhere [8]. In SALS, laser light
is passed through a fibrous test sample and scattered orthogonally
to the central axis of the samples constituent fibres. From this scat-
tered light pattern, orientation and alignment information may be
determined.

SALS structural analysis was carried out on circumferential strip
specimens which were uniaxially strained and placed in crude bac-
terial collagenase at 37 �C for 4 h. Specimen were analysed by SALS
before and after crude collagenase treatment to identify relative
changes in fibre alignment (Fig. 2A). Specimens were interrogated
over a 2 mm � 1.5 mm region at the centre of each sample at 192
interrogation regions using a 150 lm beam diameter and a 125 lm
scanning resolution.

The scattered light distribution recorded using SALS was used to
identify relative changes in fibre eccentricity, E, a measure of fibre
distribution. Eccentricity is determined by the ratio of major to
minor axis of the scattered light ellipse shown in Fig. 2B using
Eq. (1). An eccentricity of 1 represents perfect fibre alignment in
Fig. 2. A) Flow diagram showing SALS analysis to determine relative changes in eccentr
alignment) of major to minor axis.
one direction while an eccentricity of 0 corresponds to an isotropic
distribution of fibres. Eccentricity results across the 192 interroga-
tion regions were averaged for each sample.

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rmaj

2 � rmin
2

p
rmaj

ð1Þ

where rmaj and rmin are the major and minor axis of the scattered
light ellipse respectively.

3.2. Results: SALS fibre analysis

SALS analysis of arterial strips subjected to crude collagenase
showed strain dependent structural changes (Fig. 3). High relative
increases in eccentricity, representing alignment, can be seen at
low strain levels (<5%), before a sharp reduction in eccentricity is
observed with increasing strain level (>5%). Eccentricity is next
seen to plateau (>10%) before a large drop off at high strain levels
(>40%).
4. Mechanical testing of enzymatic digested tissue

4.1. Experimental setup

To assess the tissue level mechanical response to collagen
degradation, uniaxial stress relaxation tests were also carried out
on circumferential and axial dogbone specimens to determine
icity and B) SALS images showing a high ratio (high alignment) and low ratio (low



Fig. 3. Relative change in eccentricity for circumferential arterial strip samples
following 4 h held at a constant nominal strain in crude bacterial collagenase for a
range of strains. n = 17.
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tissue and collagen degradation rates using a Zwick/Roell Z005
material testing machine (Zwick/Roell, Germany) with a 20N load
cell. Each specimen was instantaneously strained to a predefined
strain level and held at this strain level in a PID temperature con-
trolled PBS bath at 37 �C (Fig. 4A). The specimens were allowed to
relax for 60 min before the PBS was replaced with an equal volume
of either crude (Type I, 87.5 U/ml; Sigma-Aldrich, Ireland) or puri-
fied (400 U/ml; Worthington Biochemical, USA) bacterial collage-
nase in PBS supplemented with calcium and magnesium (D8662;
Sigma-Aldrich, Ireland). The force decay due to degradation was
monitored for a further 3 h for samples treated with crude collage-
nase and 7 h for those treated with the slower acting purified col-
lagenase, resulting in a total test time of 4 h and 8 h respectively
(Fig. 4B). Purified collagenase was used to more selectively digest
collagen, allowing for the isolation of the collagen degradation
response from that of collagen and matrix degradation which
was observed with crude collagenase (Fig. 1B). Tissue strain was
determined by recording the displacement of 3 black markers,
which were placed along the gauge length, using ImageJ [36].
Buoyancy forces are significant in this experiment, and were
accounted for by subtracting the force measured with no sample
present from the experimental results.

The degradation part of the force relaxation response was fit to
Eq. (2) to determine the degradation rate constant, 1=s for a given
instantaneous strain level [21,22]:
Fig. 4. A) Experimental setup showing temperature controlled testing chamber and B) sch
stress response to an instantaneous strain, subsequent stress relaxation for 1 h and fina
collagenase is added the stress reaches an equilibrium stress r0 by 1 h.
r ¼ r0e�
t
s ð2Þ

1
s ¼ �

1n r
r0

� �

t
ð3Þ

where r0 is the relaxed nominal stress at the beginning of degrada-
tion calculated from the initial cross-sectional area. The degradation
rate constant was calculated from the slope of a plot of the log of
normalised stress against time, as shown in Eq. (3).

4.2. Results: Crude collagenase

A near linear increase in tissue degradation rate was found with
increasing strain in circumferentially (linear fit: R2 = 0.912) and
axially (linear fit: R2 = 0.942) strained dogbone specimens which
were subjected to crude collagenase, see Fig. 5A. Lower degrada-
tion rates were observed in axial specimens compared to circum-
ferential specimens for equivalent strain levels.

4.3. Results: Purified collagenase

To isolate the contribution of collagen in the degradation
response of arterial tissue, additional stress degradation experi-
ments were performed substituting the crude collagenase with a
purified collagenase. A markedly different degradation response
was found experimentally in circumferential dogbone samples
treated with purified collagenase (Fig. 5B). A multi-phase response
can be seen with an initial increase in the degradation rate before a
region of low degradation followed by a dramatic increase.

5. Numerical modelling

5.1. The fibre-matrix unit

A theoretical model of arterial collagen degradation was devel-
oped to elucidate the complex interplay between collagenous and
non-collagenous matrix components in the net mechanical
response of the arterial tissue identified experimentally. This
model is a one-dimensional model, named the fibre-matrix (FM)
unit. A schematic of a FM unit is shown in Fig. 6A. The model con-
sists of two elements in parallel; the left element represents the
stress due to collagen fibres stretching rf , and the right element
represents the stress in the non-collagenous matrix rm. The total
stress, rFMU in the FM unit is given by the sum of stresses in these
ematic of experimental protocol for determining degradation rate, 1=s, showing the
l stress decay for a period of 3 and 7 h respectively after collagenase is added. If no



Fig. 5. Degradation rate with applied strain for circumferentially (closed circles) and axially (open circles) stretched arterial dogbone samples immersed in A) crude (n = 13)
and B) purified (n = 16) bacterial collagenase. Solid and dashed lines represent the linear fit for circumferential (R2 = 0.912) and axial (R2 = 0.942) crude experimental data
respectively. Each data point represents a single sample. Note y-axis scale changes.

Fig. 6. A) Schematic showing a fibre-matrix unit which experiences a total stretch kt , made up of a fibre stretch kf and prestretch, kp term. The red link introduces an initial
tensile or compressive strain. Only matrix stiffness km , and not fibre stiffness, kf , contributes to the total stress response until the red link is fully straightened. Note:
kt–kf þ kp . B) Fibre-matrix units placed in parallel to make up a transmural gradient of crimp. C) Underlying V-shaped degradation response, Wf for a single collagen fibre
used in this study which was motivated by SALS analysis and literature [21,22]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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two elements; rFMU ¼ rf þ rm. The contribution of fibres and
matrix is weighted by their volume fractions /f and /m respec-
tively, which sum to unity.

To represent the crimping of collagen fibres that occurs in arte-
rial tissue when there is zero internal pressure and no residual
stress, a prestretch, kp, is introduced to the collagen fibres in the
FM unit. This is achieved through a multiplicative split of the total
stretch in the FM unit kt into a collagen fibre stretch part kf , and a
prestretch part kp [28].

kt ¼ kf kp ð4Þ
Prestretch is represented by the position of the red link in

Fig. 6A and can be used to introduce either tensile or compressive
strain to the collagen fibre element. For a given FM unit configura-
tion, kp is a prescribed constant which does not change as load is
applied. In the initial configuration kt ¼ 1. Prestretch, kp is a mea-
sure of the degree of crimp in an individual collagen fibre. To set
collagen fibres to be crimped in the initial configuration one must
prescribe a kp > 1, such that a kf < 1 emerges from Eq. (4). It is
assumed that collagen fibres do not support loads in compression,
thus, the collagen fibre element contributes no stress until the
chain-type link in Fig. 6A is fully straightened; i.e. rf ¼ 0 until
kf > 1. Collagen fibres have a non-linear elastic response defined
by a smoothed bilinear function with three strain domains; low,
transition, and high strain [37]. The low and high strain regions
are linear, while a quadratic function is used in the transition
region to continuously connect the two linear regions together.
The stress in a fibre is given by the continuous stepwise function,

rf ¼ /f �
Elef ; ef < ert1
Tr1e2f þ Tr2ef þ Tr3 ; ert1 6 ef 6 ert2
Eh ef � ert2
� �þ Tr1er2t2 þ Tr2ert2 þ Tr3 ; ef > ert2

8><
>:

ð5Þ

where El and Eh are the moduli of the low strain and high strain

regions respectively, ef ¼ k2f � 1
� �

=2 is the Green strain of the fibre,

ert1 is the strain at which the low strain region switches to the tran-
sition region; ert2 is the strain at which the transition region
switches to the high strain region; and the parameters Tr1 , T

r
2 , and

Tr3 ensure continuity between the three regions and are defined as,

Tr1 ¼ El � Ehð Þ= 2 ert1 � ert2
� �� �

Tr2 ¼ El � ert1 El � Ehð Þ= ert1 � ert2
� �

Tr3 ¼ Elert1 � T1er2t1 � T2ert1

ð6Þ



Table 1
Material parameters for single fibre-matrix unit calibrated from experimental data.

El ðMPaÞ Eh ðMPa) ert1 ert2 Em ðMPa)

0.004 0.4 0.3 0.7 0.02
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To fully define Eq. (5) four parameters are required; El, Eh, ert1,
and ert2.

A simple linear elastic relationship, dependent on the Green
strain corresponding to kt , was established for the non-
collagenous matrix stress; rm ¼ /mEm k2t � 1

� �
=2 where Em is the

matrix stiffness. Material parameters for collagen and matrix can
be found in Table 1.

5.2. Stress degradation of fibre-matrix unit

Stress degradation behaviour was modelled through reduction
of the fibre and matrix volume fractions over time. This was gov-
erned by a first order rate equation,

d/i

dt
¼ �wi/ ð7Þ

where i ¼ f ;mf g, and Wi is the degradation rate constant function,
which is conceptually equivalent to 1=s in Eq. (2). Eq. (7) was solved
using a forward Euler method over a period of 4� 104 s using incre-
ments of 20 s.

Importantly, motivated by our SALS structural analysis and the
studies of Huang and Yannas [21] and Ghazanfari et al. [22], Wf is
assumed to be dependent on the collagen fibre stretch kf and is
described with a V-shaped degradation response defined by a
smoothed bilinear function, similar to that used for the collagen
stress response, with three strain domains; low, transition, and
high strain (Fig. 6C). The low and high strain regions are linear with
negative and positive slopes respectively, while a quadratic func-
tion is used in the transition region to continuously connect the
two linear regions together. The degradation rate in a fibre, Wf , is
then given by the continuous stepwise function,

Wf ¼ Dc þ
Dlef ; ef < eDt1
TD
1e2f þ TD

2ef þ TD
3 ; eDt1 6 ef 6 eDt2

Dh ef � eDt2
� �þ TD

1eD2t2 þ TD
2eDt2 þ TD

3 ; ef > eDt2

8>><
>>:

ð8Þ
where Dl and Dh are the degradation moduli of the low strain and
high strain regions respectively, the Green strain of the fibre,

ef ¼ k2f � 1
� �

=2; eDt1 is the strain at which the low strain region

switches to the transition region; eDt2 is the strain at which the tran-
sition region switches to the high strain region; and Dc is a constant
or baseline degradation rate which translates the bilinear curve
along the y-axis. The parameters TD

1 , T
D
2 , and TD

3 ensure continuity
between the three regions and are defined as,

TD
1 ¼ Dl � Dhð Þ= 2 eDt1 � eDt2

� �� �

TD
2 ¼ Dl � eDt1 Dl � Dhð Þ= eDt1 � eDt2

� �

TD
3 ¼ DleDt1 � T1eD2t1 � T2eDt1

ð9Þ

To fully define Eq. (8) four parameters are required; Dl, Dh, eDt1
and eDt2.

The matrix degradation rate constantWm is assumed to be a lin-
ear function of the total green strain,

Wm ¼ km k2t � 1
� �

=2 ð10Þ
where km is a degradation rate constant.
As the volume fractions /f and /m decrease so too do their
respective stresses,

rf ¼ /frt¼0
f ; ð11Þ

where rt¼0
f is the collagen fibre stress at time t ¼ 0. The matrix

stress rm is reduced in the same manner. Additionally, to ensure
conservation of mass, degraded collagen fibre and matrix is con-
verted into a mechanically weak component. This is simply mod-
elled by calculating the product of the degraded volume fraction
and the initial matrix stress, then multiplying this by a reduction
factor R, where R is some small number which ensures its contribu-
tion is negligible. The resulting expression is,

rm ¼ /mrt¼0
m þ Rrt¼0

m 1� /f � /m

� � ð12Þ

where rt¼0
m is the matrix stress at time t ¼ 0. The expression in

brackets in the second term ensures that the volume fraction equals
unity.

5.3. Prestretch gradient

The ability to incorporate a prestretch kp into the FM unit was
introduced in Section 5.1. In the zero pressure, zero residual stress,
planar configuration in which experiments are conducted it is
assumed that there is a gradient of collagen fibre crimp through
the radial thickness of the artery wall. This transmural crimp was
modelled by placing 20 FM units in parallel; each FM unit had a
unique fibre prestretch. This is shown schematically in Fig. 6B.

Thus the total stress rt ¼
P20
n¼1

rn
FMU.

5.4. Model calibration

A collagen fibre volume fraction, /f , of 42% was used based on
experimental data on collagen content for porcine arterial tissue
obtained through image processing (see Supplementary data)
and is supported by literature [38–40]. To model the axial experi-
mental data, a collagen volume fraction, /f , of 5% was used which
was supported by experimental data showing minimal axial colla-
gen fibres in the porcine carotid artery [8]. This ensures that colla-
gen fibres have a much lower contribution to the stress response of
the axial test case, as in native tissue.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.actbio.2018.06.037.

The material properties used as an input for the model (Fig. 7)
were calibrated from experimental data published previously
[41]. The matrix modulus, Em was calibrated from the initial linear
stress-strain experimental response of porcine arterial tissue
[39,41]. To ensure that the initial mechanical response was attrib-
uted solely to matrix, the initial response was compared to that of
the vessels treated with collagenase to degrade all collagen (see
Supplementary data) [41]. The bi-linear stress-strain response for
collagen fibres was calibrated from the same data set as that for
the matrix modulus (see Supplementary data) [41].

The V-shape degradation response was defined using the step-
wise smoothed bilinear function outlined in Section 5.2. The initial
negative slope, Dl, was chosen to be double that of the final positive
slope, Dh; as approximately found by Huang and Yannas [21] and
Ghazanfari et al. [22]. The magnitude of this function was itera-
tively determined from our experimental results for pure collage-
nase (Fig. 7). A minimum degradation rate was chosen at a strain
of approximately 17% after an iterative process, corresponding clo-
sely to data from Ghazanfari et al. [22]. The constant, Dc; which
simply shifts the bilinear curve along the y-axis, was set such that
a minimum degradation rate irrespective of strain exists, as seen

https://doi.org/10.1016/j.actbio.2018.06.037


Fig. 7. Flowchart showing the calibration process of the numerical model to capture and predict the experimental degradation behaviour.
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experimentally [21,22]. This constant, Dc was chosen so that the V-
shaped degradation response shifted an order of magnitude higher
for the crude collagenase case, while keeping the same degradation
profile, mimicking what was seen experimentally.

A reduction factor for degraded material, R, of 0.0001 was cho-
sen through a sensitivity test, such that degraded matrix and colla-
gen had no mechanical contribution.

The matrix degradation rate km was assumed to be a linear
function of strain, as observed in our crude experimental results
in the axial direction where it was assumed that very few collagen
fibres contributed to the stress decay (Fig. 7). The matrix degrada-
tion rate km was subsequently calibrated from these crude collage-
nase results. Sensitivity to this parameter can be found in
Supplementary data.

The prestretch gradient parameters, kmin
p and kmax

p , were deter-

mined iteratively. An initial kmin
p of 1.03 was chosen as it is the

parameter that controls the strain at which degradation begins
and coincided with our experimental findings. The gradient was
determined iteratively to ensure we captured the degradation
behaviour over a similar range to our purified collagenase results
and such that all fibres are fully straightened at the start of the
transition region of our stress strain curve, i.e. kip > 1 for all
i ¼ f1 ! ng. Sensitivity to the magnitude and gradient of pre-
stretch can be found in the Supplementary work. The list of param-
eters used for degradation of the FM unit can be found in Table 2.
The calibration process is described schematically in Fig. 7.

To assess the accuracy of our model, a non-parametric Spear-
man correlation coefficient was calculated for both the crude and
purified data.
Table 2
Model parameters calibrated and derived for crude and purified degradation models.
circumferential models is the magnitude of Dc and the presence of matrix degradation, km

Defined model parameters Calibrad

/f /m Dl ms�1 Dh ms�1 kmin
p

Crude:
Circumferential 0.42 0.58 �1.50 0.75 1.03
Axial 0.05 0.95 �1.50 0.75 1.03

Purified:
Circumferential 0.42 0.58 �1.50 0.75 1.03
5.5. Model results: Crude collagenase

Incorporation of matrix degradation in our model allowed us to
predict a similar continuously increasing degradation response
to that found experimentally. The model was also capable of
identifying the experimentally observed differences in degradation
rate for circumferentially and axially stretched samples where
fibres were parallel and perpendicular to the direction of applied
strain respectively (Fig. 8A). A high correlation was seen between
numerical and experimental results for both circumferential
( r ¼ 0:940; p < 0:001) and axial (r ¼ 0:808, p < 0:005) data.

5.6. Model results: Purified collagenase

The numerical model was capable of accurately capturing the
experimental response found in purified collagenase where no
matrix degradation occurs. The model captured the initial degrada-
tion increase followed by a dip and subsequent increase in degra-
dation which was observed experimentally (Fig. 8B). A high
correlation (r ¼ 0:835, p < 0:001) was also found between the
experimental and numerical results for purified data.

6. Discussion

Collagen degradation is a driving force in collagen remodelling
in arterial tissue, which may be critical in the progression and
development of vascular disease and determining the long-term
success of interventional medical devices. The goal of this study
was to identify the strain dependent degradation response of,
and mechanical factors influencing collagen degradation in arterial
Note that the only difference between the parameters for the crude and purified
.

model parameters

kmax
p eDt1. eDt2 Dc ms�1 km ð10�4Þ R ð10�4Þ

1.14 0.08 0.23 1.21 1:2 1
1.14 0.08 0.23 1.21 1:2 1

1.14 0.08 0.23 0.21 0 1



Fig. 8. Numerical degradation rate with applied strain for circumferentially (solid lines) and axially (dashed line) stretched arterial dogbone samples immersed in A) crude
and B) purified bacterial collagenase overlaid on experimental data (circles) after calibration.
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tissue, using a combination of experimental and theoretical
methods.

SALS alignment analysis identified strain mediated structural
changes in arterial tissue due to enzymatic degradation, suggesting
that an underlying bi-linear V-shaped degradation response may
exist for arterial collagen. Interestingly, mechanical testing identi-
fied two different strain mediated degradation responses in arterial
tissue depending on whether crude or purified collagenase was
used to degrade the tissue. A near linear degradation profile was
seen experimentally for crude collagenase while a complex multi-
phase response was seen in pure collagenase, both of which dif-
fered to that of pure collagen in literature [21] and what was
expected from our SALS analysis. These differences identified
experimentally were explained through the development of a
novel 1D numerical model, however, only after a gradient of colla-
gen fibre crimp, matrix contribution and degradation of this matrix
were incorporated (see Supplementary work). Taken together,
these results identify the significance of collagen fibre crimp and
matrix stiffness in strain dependent arterial degradation, improv-
ing our understanding of arterial remodelling in disease develop-
ment, progression and treatment.

SALS results suggest that a strain mediated degradation
response exists in arterial tissue (Fig. 3). The initial increase in fibre
eccentricity observed at low strain levels suggests the preferential
degradation of unstrained collagen fibres, whilst the reduction in
eccentricity at high strain levels suggests preferential degradation
of highly strained fibres. A similar response was observed using
SALS at low strain levels in corneal tissue however higher strain
levels were not considered [15]. This SALS data supports the exis-
tence of a strain dependent degradation curve for collagen fibres
within arterial tissue at the fibre level, even if a more complex
degradation response exists at the tissue level.

Interestingly, uniaxial stress relaxation experiments using
crude bacterial collagenase identified a continuous increase in
degradation rate with increasing strain for circumferential and
axial specimen (Fig. 5). This response differs significantly from
the bi-linear V-shaped degradation response observed in reconsti-
tuted collagen tapes [21] as well as bovine pericardium [22],
although it bares similarities to another study on bovine peri-
cardium [19]. It is hypothesised that the lack of an emerging bi-
linear degradation response may be due to the gradient of collagen
crimp across the vessel thickness (Fig. 1A), the non-collagenous
matrix mechanical contribution and in particular, the partial
degradation of this matrix due to the use of crude collagenase
(Fig. 1B). If true, this highlights the importance of considering col-
lagen undulation and the role of non-collagenous constituents in
analysing collagen degradation, particularly in heterogenous tis-
sues. The higher degradation rate in circumferential samples is
believed to be associated with the higher number of load bearing
collagen fibres orientated in this direction, which leads to a larger
stress decay when degraded under strain. A different, more refined
strain mediated degradation response was identified using purified
bacterial collagenase where no matrix degradation occurs (Fig. 6).
The emergent response also differs from that seen in literature
with an initial increase in degradation followed by a drop off and
subsequent increase in degradation rate. Interestingly, this subse-
quent increase was found to begin close to the transition strain
(30%) of the tissue, something which has also been observed in
other collagenous tissues [21,22].

The complementary numerical model helps unravel the mecha-
nisms at play for both the crude and purified collagenase experi-
ments. Starting with the purified case: no degradation occurs
initially; as collagen fibres at low strain are crimped they bear no
load and hence do not contribute to strain mediated degradation
induced stress decay. Next, degradation increases as fibres begin
to uncrimp and take up the load. When all fibres are fully
stretched, the V-shaped behaviour resumes. To explain the crude
collagenase results; matrix degradation is incorporated into the
model, whereby the degradation of mechanically relevant matrix
material at lower strain levels smooths the ultimate degradation
response of the arterial tissue. To evaluate the degradation
response in the axial direction, a collagen volume fraction of 5%
was used, representing the low volume of axial fibres observed
in earlier studies [8]. Interestingly, volume fractions up to 15%
had minimal influence on the degradation response in the axial
direction. Although a large number of parameters were required
for our model, these parameters all have a physical meaning and
were supported by experimental data where possible. The versatil-
ity of this model allows for the investigation of the strain depen-
dent degradation response of other collagenous tissues by
incorporating different ratios of collagen and matrix as well as dif-
ferent levels of collagen fibre pre-crimp (Supplementary). Increas-
ing the collagen content and reducing the gradient of crimp results
in the re-emergence of the V-shaped degradation curve of pure col-
lagen (Fig. 6C). This may explain the strain induced protection
found in tendon tissue at low strain levels [13] as well as the V-
shaped degradation response observed in bovine pericardium
across a larger strain range [22]. Sensitivity to these parameters
can be found in Supplementary data.

The cause of the underlying V-shaped collagen degradation
response, and consequently the influence on a tissue’s mechanical
properties, is not fully understood; however, some mechanisms
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have been postulated in the literature. On the one hand, a reduc-
tion in tissue porosity with stretch has been suggested as a poten-
tial reason for an initial decrease in degradation [13,21]; while,
opening up binding sites with further fibre stretching allows sub-
sequent accelerated degradation [19,21,42]. On the other hand,
conformational changes and increased monomer thermal stability
due to collagen tension have also been proposed as a reason for
reduced degradation [13,14,18,42,43]. Additionally, load transfer
from degraded fibres to neighbouring fibres, thus increasing fibre
stress has also been suggested as a potential reason for accelerated
degradation [21]. The conflicting findings seen in literature may be
influenced by this lack of understanding surrounding mechanisms
of degradation as well as interpretation of results. For instance, it is
unknown whether the degradation response differs when consid-
ering single collagen fibrils or thicker bundles of fibres. Collagen
fibre damage which is likely to occur at the high strain levels expe-
rienced in this study is also likely to affect the degradation
response and may influence the final degradation increase identi-
fied in this study. It is important to note that human arterial tissue
has been found to be less compliant to that of porcine arterial tis-
sue used in this study [44]. Consequently, a minimum degradation
strain may exist at a lower fibre strain to that found here. Despite
this difference, similar strain induced degradation trends are likely
to occur in human tissue, with implications in the development
and progression of disease.

One limitation of the current study is the use of bacterial colla-
genases to assess degradation responses to strain rather than
MMPs and cysteine collagenases which are responsible for collagen
degradation in vivo [45,46]. It is also worth noting that the effect of
strain on the production of collagenase inhibitors in vivo has not
been considered and may influence the net degradation response
[45]. Additionally, the stress relaxation experiments were carried
out on planar specimens and in the absence of the residual strains
present within an intact vessel, although this is accounted for by
incorporating a gradient of fibre crimp in our model. Finally, the
presence of an intimal and adventitial layer in vivo, not considered
in this study, may also protect the vessel from experiencing the
supra physiological strain environments considered in the current
study.

The results of this study have identified, for the first time, the
strain dependent degradation behaviour of arterial tissue using a
combination of experimental and theoretical methods. Our find-
ings show distinctly different degradation responses when using
crude or purified collagenase, highlighting the need to carefully
select the appropriate enzyme when investigating tissue degrada-
tion, particularly in tests involving highly heterogenous tissues.
We have developed a 1D numerical model with an underlying V-
shaped degradation response seen for pure collagen, which is cap-
able of predicting arterial degradation through the incorporation of
matrix content and a transmural gradient of collagen crimp. By
incorporating matrix degradation, we were also able to explain
the differences found experimentally in our crude and purified col-
lagenase studies. These findings offer substantial new insights into
arterial degradation, with implications for the design and develop-
ment of mechanical devices which treat diseased arteries.
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