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Analysis of Collagen
Organization in Mouse Achilles
Tendon Using High-Frequency
Ultrasound Imaging

Achilles tendon ruptures are traumatic injuries, and techniques for assessing repair out-
comes rely on patient-based measures of pain and function, which do not directly assess
tendon healing. Consequently, there is a need for a quantitative, in vivo measure of ten-
don properties. Therefore, the purpose of this study was to validate ultrasound imaging
for evaluating collagen organization in tendons. In this study, we compared our novel,
high-frequency ultrasound (HFUS) imaging and analysis method to a standard measure
of collagen organization, crossed polarizer (CP) imaging. Eighteen mouse Achilles ten-
dons were harvested and placed into a testing fixture where HFUS and CP imaging could
be performed simultaneously in a controlled loading environment. Two experiments were
conducted: (1) effect of loading on collagen alignment and (2) effect of an excisional
injury on collagen alignment. As expected, it was found that both the HFUS and CP
methods could reliably detect an increase in alignment with increasing load, as well as a
decrease in alignment with injury. This HFUS method demonstrates that structural meas-
ures of collagen organization in tendon can be determined through ultrasound imaging.
This experiment also provides a mechanistic evaluation of tissue structure that could
potentially be used to develop a targeted approach to aid in rehabilitation or monitor
return to activity after tendon injury. [DOI: 10.1115/1.4026285]
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Introduction

Achilles tendon ruptures are traumatic injuries that frequently
occur in active individuals and result in significant medical
expense. As many as 2.5 million individuals sustain Achilles ten-
don ruptures each year and the incidence is rising [1-3]. Healing
of a ruptured Achilles tendon extends between months and years,
and understanding the temporal changes in tendon properties
(structural, biological, and mechanical) is essential to successful
healing [4]. However, common techniques for assessing outcomes
of surgical repair and rehabilitation rely heavily on patient-based
measures of pain and function. These measures include functional
performance tests, such as the “hop” test or heel-raise endurance,
ankle range of motion, and basic descriptive scoring measures
[5-9]. While these measures can provide evidence for recovery of
functional performance, they do not directly assess tendon heal-
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ing, which, if insufficient, can lead to rerupture. Additionally,
those approaches are only semiquantitative and may be biased by
confounding factors, such as strength, agility, and coordination.
Consequently, there is an urgent need for a quantitative, in vivo
measure of tendon properties to guide rehabilitation progression
and return to activity criteria.

Tendon-collagen alignment is an important structural tissue
property that changes throughout the progression of tendon heal-
ing. It is known that changes in collagen organization precede
and correlate with changes in mechanical properties in tendons
and are affected by both load and injury [10-14]. Therefore, the
clinical evaluation of collagen organization following Achilles
tendon injury may provide a more appropriate measure of healing
than traditional, functional performance tests. There are currently
multiple techniques for measuring collagen alignment, such as
crossed polarizer imaging [14-16], quantitative polarized light
microscopy [17,18], second-harmonic generation imaging
[19-21,39], and infrared spectroscopy [22]. However, these
methods are typically destructive to the tissue and are not easily
clinically translatable. Ultrasound imaging, currently used
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clinically to evaluate injuries in tendon including the Achilles
[23-27], has recently been investigated as a quantitative tool to
analyze tendon properties. It is an attractive alternative because it
has the potential to provide the same organizational information
as other methods, is relatively inexpensive and portable, is nonin-
vasive, and is not limited to tendon size or thickness. Therefore,
ultrasound could be used as diagnostic clinical tool for the evalu-
ation of tendon health. A number of studies have quantitatively
evaluated tendon structural properties using ultrasound. Specifi-
cally, it has been demonstrated that changes in tendon mechani-
cal properties correlate with changes in ultrasound echogenicity
in both rat Achilles and porcine digital flexor tendons [28,29].
Additionally, it has been shown that tendinopathy in human
Achilles and patellar tendons can be predicted by analyzing the
degree of speckle patterning in ultrasound imaging using a Fou-
rier analysis [30,31]. Finally, quantitative shear-wave elastogra-
phy has been used for assessing the relative elasticity of injured
and uninjured Achilles tendons [32].

While these current techniques correlate ultrasound properties to
tendon mechanical properties and are therefore important for the
field, they do not evaluate collagen alignment specifically (which
directly relates to tendon strength) or establish a specific mechanism
for the change in ultrasonic properties. The method described in this
study advances previous research and utilizes the patterning seen in
tendon ultrasound images to quantitatively describe organization,
specifically the variation of collagen alignment. Collagen appears
hyperechoic in ultrasound imaging, whereas the matrix between the
collagen appears hypoechoic. This gives the appearance of “bands”
in ultrasound images of tendons that correspond to the collagen ma-
trix. In the method presented in this paper, these fiber elements are
identified and the deviation of the fiber directions is quantified as a
measure of structural organization [33]. Additionally, to further sup-
port that our results are consistent with actual changes in collagen
organization, the analysis is also performed using standard organiza-
tional measure, CP imaging.

Therefore, the objective of this study was to perform an ex vivo
experiment on mouse Achilles tendons to determine if HFUS
imaging can capture changes in collagen alignment. We will con-
firm this method by using HFUS to analyze organizational
changes due to applied load and injury (known cases that create
changes in alignment) and then confirm these findings using the
established CP-imaging method. We hypothesize that because the
bands seen in tendon ultrasound images are created by collagen
bundles, the changes in collagen alignment that are measurable by
CP will also be measurable by HFUS. Additionally, we hypothe-
size that the HFUS imaging method will be capable of detecting
both an increase in alignment with increased loading and a
decrease in alignment with the presence of a defect.

Methods

Study Design and Sample Preparation. Mouse Achilles ten-
dons were selected for this proof of principle experiment because
their small size enabled analysis with our CP system, which will
be used for validation of our novel HFUS analysis, and because
their straight and superficial anatomical position makes this sys-
tem a likely first step toward direct translation to future in vivo
studies. This study was performed ex vivo with a high-frequency
ultrasound transducer to enhance the spatial resolution of the ten-
don structure in our small animal model and represents the first,
necessary step toward developing a rigorous, noninvasive measure
of tendon organization. Eighteen Achilles tendons were harvested
and frozen (—20°C) from C57BL/6 type mice. Tendons were
thawed and fine dissected to remove all surrounding tissue, leaving
the insertion site intact on the calcaneus. Tendons were tested in cus-
tom fixtures and had an initial gauge length of 5mm. Two experi-
mental situations that are known to cause a change in tendon
organization were performed to demonstrate that collagen alignment
can be quantified with our ultrasound-based technique: (1) an
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Fig. 1 Schematic of setup for capturing CP and HFUS imaging
simultaneously. The tendon is secured between two grips in a
PBS tank, where the ultrasound probe can be centered over top
of the tendon, submerged in the PBS. Two polarizing sheets are
located on either side of the tank, with a linear backlight on one
side and a camera on the other (not depicted in this image). A
custom-built tensiometer is attached to a sliding shaft to allow
for load control. Inset figure (below) shows representative
images of a tendon as captured by the CP camera through one
rotation cycle.

increase in alignment with increasing load and (2) a decrease in
alignment with injury. Eleven tendons were used to evaluate collagen
alignment during loading, and seven were used to analyze the effect
of excisional injury on collagen alignment. To account for variability
between specimens, these experiments were performed paired, so
that each tendon specimen could be compared against itself.

Image Acquisition. For HFUS- and CP-image acquisition, ten-
dons were secured in a custom fixture, submerged in a phosphate-
buffered saline bath, and aligned so that the CP and HFUS would
capture coronal cross-sectional images simultaneously (Fig. 1).
Ultrasound images were captured using a Vevo 770 scanner (Vis-
ualSonics, Toronto, Canada) and a 55-MHz transducer (RMV
708, VisualSonics, Toronto, Canada). A 55-MHz transducer was
used in order to obtain sufficient resolution in the mouse tendon
(note that a lower-frequency transducer would be more
appropriate for a larger model). A motorized scanner used for 3D
imaging was attached to the ultrasound transducer to allow for
consecutive coronal images to be obtained. All ultrasound settings
(i.e., frequency and gain) were kept constant during testing to
standardize the images. The ultrasound transducer was manually
positioned so that it was parallel and centered over the tendon.
Consecutive cross-sectional coronal images were taken every
0.1 mm over a range of 2mm (tendon thickness <1 mm). The CP
setup consisted of a linear backlight (Dolan-Jenner, Boxborough,
MA), 90 deg-offset rotating polarizer sheets (Edmund Optics, Bar-
rington, NJ) on either side of the tendon, and a digital camera
(Basler, Exton, PA). As described previously [14], images were
acquired through the rotation of the polarizer sheets to obtain
localized fiber-alignment data. Prior to testing, the encoder in the
stepper motor (Lin Engineering, Santa Clara, CA) that rotates the
polarizer sheets was set at a position corresponding to 0deg of
angular rotation. The tendon was secured in a fixture that was
attached to a custom tensiometer [34] through a sliding shaft to
allow for load control while the tendon is in the horizontal config-
uration required for ultrasound imaging (Fig. 1).

To examine the effect of fiber alignment during loading
(n=11), loads of 0.0, 0.5, 1.0, and 1.5 N, previously determined
to show changes in alignment, were applied consecutively through
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Fig. 2 (a) HFUS image of Achilles tendon with excisional
injury, (b) filtered HFUS image, (c) hyper- and hypoechoic
regions that create the banded pattern that is quantified as the
CSD of the fiber orientations

control of the tensiometer, making sure the tendon had sufficient
time to creep at each steady load. HFUS and CP images were cap-
tured at each load. The experimenter ensured that the load was
stable before acquiring images, and this waiting period was con-
sistent from sample to sample (~15 seconds). Both the cross po-
larizer and the ultrasound only take 2-3 seconds to capture the
series of images necessary for analysis, and they are captured
simultaneously. Due to the speed of the image capture and the
small levels of relaxation that may occur after this point, any
changes in alignment from these effects would be negligible. To
examine changes in collagen alignment following excisional
injury (n=17), uninjured tendons were loaded into the same cus-
tom fixture and imaged under 1.0-N load. The tendons were then
injured using a 0.5-mm biopsy punch to create a standard defect
and reimaged using the same protocol.

Image Analysis. The analysis of the HFUS images was con-
ducted using a custom MATLAB (Mathworks, Natick, MA) program
and followed an approach based on a previously described
algorithm [33]. Using a 55-MHz transducer, the effective resolu-
tion of the ultrasound images were approximately 30 um. Tendon
collagen fascicles appear hyperechoic under HFUS, where the
noncollagenous matrix between the fascicles appears hypoechoic,
giving rise to the appearance of bands in the images (Fig. 2) [35].
These bands are analyzed to determine a quantitative measure of
tendon organization. Briefly, the ultrasound images that com-
prised the center of the tendon (with no edge artifacts) were cho-

sen for analysis. The ultrasound images were filtered to remove
any small particles and reduce background noise. A matrix convo-
lution was then used to apply a linear kernel over groups of pixels
in the filtered image at varying angles (0deg—180deg in 5deg
increments). A power series function

Angle = A[2mmersiv=C*] 4 p )

was then fit to the intensity versus angle data (least squares curve-
fit) and used to determine the angle with maximum intensity and
therefore the fiber direction. In addition, any regions in which the
confidence intervals for the parameters of the power series fit
were too high were masked. The circular standard deviation
(CSD), a measure of the distribution of collagen alignment
(increased CSD means increased disorganization), was calculated
for the local fiber directions in each selected image segment in a
specimen and averaged to obtain a value representative of the or-
ganization of the entire tendon thickness. A representative exam-
ple of high- and low-CSD measures is depicted in histograms for
both injured and uninjured specimens (Fig. 3). This method is
novel because it translates a technology developed for identifying
and quantifying properties of filaments to the collagen patterning
in ultrasound images. Since this method is a post—image acquisi-
tion analysis, it can be applied to any ultrasound image, and no
new equipment is necessary during the image-acquisition phase.

For the analysis of the CP images, collagen-fiber direction was
determined across the tendon length and width. Collagen refracts
polarized light by 90 deg; thus, the collagen-fiber direction can be
determined by collecting images at varying angles of polarization
(0deg—140deg). The images of the tendon are then divided into
2 x 2 bundles of pixels with 5 pixel spacing between bundles
(effective resolution of approximately 50 um, comparable to the
HFUS), and the pixel intensities were summed in each pixel group
for each angle of polarizer rotation. These intensity values were
then plotted against the angle of polarizer rotation, and a sin’
wave was fit to the data to determine the angle corresponding to
the minimum pixel intensity. This point represents the average
localized collagen-fiber direction. A compilation of these local-
ized directions can be represented as an alignment map over the
whole tendon (Fig. 3). The CSD was calculated for each specimen
in each experimental group to quantify collagen organization.

Statistics. For analyzing the change in alignment in response to
load, significance was assessed using two one-way repeated meas-
ures analysis of variance, one for each imaging modality. This
was followed by paired t-test analyses with Holm—Bonferroni post
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Fig. 3 Alignment maps and histograms depicting the distribution of localized
fiber directions throughout the tendon that were produced through CP analysis for

(a) injured and (b) uninjured specimens

Journal of Biomechanical Engineering

FEBRUARY 2014, Vol. 136 / 021029-3



CSD (Deg) >
o o
(¢, (4] [} (¢,

»
3

IN

0 0.5 1
Load (N)

CSD (deg)
o =~ N W d» OO0 O N

1.5 Injured  Uninjured

Fig.4 (a) Changes in CSD in response to load for the HFUS images. There is a sig-
nificant decrease in CSD (increase in organization) with increased loading. Statis-
tics for each load compared to ON (*p<0.05) and to 0.5N (~p<0.05). (b) CSD
measures for HFUS images before and after a biopsy punch excisional injury.
There is a significant increase in CSD (decrease in organization) with injury

(*p<0.05).

hoc for multiple comparisons to determine specific differences
due to load within each imaging modality. For analyzing the
change in alignment in response to injury, a paired t-test was per-
formed for each imaging modality. Finally, a regression analysis
was performed on the CSD values comparing measurement tech-
niques. In order to reflect the paired nature of the analysis, the
regression was run on the change in CSD with respect to ON
(baseline) for each load and uninjured (baseline) for the injury
data. Significance was set at p<0.05 and trends were set at
p<0.1.

Results

We first evaluated the HFUS results to determine if the
expected changes in alignment due to load and injury were able to
be detected using this novel method. It was found that the HFUS
analysis detected a significant decrease in CSD in response to
increasing load, meaning the tendon became more organized with
increasing load as expected (Fig. 4(a)). Statistically, the 0.5, 1.0,
and 1.5N groups were all compared to the ON group, and addi-
tionally, the 1.0 and 1.5N groups were compared to the 0.5N
group to demonstrate further incremental changes with load. For
the injury study, CSD as measured by HFUS was significantly
larger for the injured group, meaning the tendon became more dis-
organized with an injury also as expected (Fig. 4(b)). This demon-
strates that the HFUS technique is sensitive enough to detect the
expected changes in organization caused by both increases in load
as well as infliction of injury.

To further support that our HFUS results are consistent with the
actual changes in collagen alignment in these two conditions, we
conducted the same experiment simultaneously on the same ten-
dons using the established CP analysis. The CP method also was
able to detect a consistent decrease in CSD with increased load
(Fig. 5(a)) and an increase in CSD with injury (Fig. 5(b)), consist-
ent with expected results and with our HFUS results.

For the comparison of the CSD measures of each imaging tech-
nique, a regression was run on the change in CSD with respect to
ON (baseline) for each load and uninjured (baseline) for the injury
data, and a correlation was determined with R*= 0.45 and p <0.001.

Discussion

In this study, a controlled ex vivo experiment was conducted to
demonstrate the use of HFUS for detecting changes in collagen
alignment, which is the first, necessary step toward developing a
rigorous, noninvasive, in vivo measure of tendon organization.
Our novel image-analysis algorithm identifies the hyperechoic
bands seen in tendon ultrasound images, which are created by the
tendon-collagen matrix, and quantifies the deviation in alignment
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of the collagen bands to produce a quantitative measure of colla-
gen organization. The findings of this study support our hypothe-
sis that, because the bands seen in ultrasound images of tendon
are collagen, changes in collagen organization measurable by CP
imaging, an established technique, will also be measureable by
HFUS. Specifically, our HFUS method can capture the alignment
of tendon-collagen fibers along the direction of loading, thereby
increasing the level of organization in the tissue and decreasing
the CSD of the collagen fibers. This result is consistent with previ-
ous work in our lab, which demonstrated fiber realignment during
tendon tensile mechanical testing [10,11,14]. Additionally, the
injury data demonstrates that our HFUS method is able to detect a
disruption to the collagen fibers, which causes a decrease in orga-
nization throughout the length of the tendon (not just in the defect
region), likely due to unloading of collagen fibers proximal to the
injury site. Since the image-analysis algorithm filters out any non-
fibrous data, including the excisional defect, the disorganization
detected by these imaging modalities is a result of damage propa-
gated through the intact regions of the tendon. Furthermore, since
this is not a healing study, there is no scar formation, which would
cause even further disorganization and a more drastic change in
CSD in the injured tendon. Therefore, importantly, this experi-
ment demonstrates that even this smallest possible change due to
an injury can be detected through HFUS. Since consistent
responses to both load and injury were observed in both the
HFUS- and CP-imaging modalities, it can be concluded that
HFUS is an alternative to the established CP method. Addition-
ally, and as a potential future advantage that motivated the current
work, this HFUS method has the potential to be translated both to
larger ex vivo specimens, as well as to in vivo imaging, neither of
which can be done with CP imaging.

The regression analysis comparing imaging methods was highly
significant. However, it was only a modest correlation. This is not
surprising given that the two methods are measuring different phe-
nomena. The ultrasound is detecting the impedance difference
between the collagen fibers and the surrounding matrix to obtain a
striated signal of echogenicity, where the cross polarizer is using
the birefringence properties of the collagen. Due to differences in
the physics of the image acquisition, each method has its own
biases and inaccuracies associated with the outcome measure.
Since these biases are consistent within an imaging method, the
same response to these different conditions was observed. How-
ever, when comparing between the two methods, the biases are
not consistent and therefore manifest as differences unrelated to
the overall response of the methods. Since the aim of this study is
to quantify a change in organization and we have demonstrated
that both methods detect the same response with significance,
given these differences, this correlation is in support of our overall
findings. Additionally, this is the first study to use this technique
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Fig. 5 (a) Changes in CSD in response to load for the CP images. There is a signif-
icant decrease in CSD (increase in organization) with increased loading. Statistics
for each load compared to ON (*p <0.05) and to 0.5N (~p <0.05). (b) CSD measures
for CP images before and after a biopsy punch excisional injury. There is an
increase in CSD (decrease in organization) with injury (*p <0.05).

and prove its feasibility. Future studies, with larger sample sizes
and a greater range of data values, could be designed to more fully
characterize the correlation between the measures.

While there are a number of previous studies that demonstrate
the use of ultrasound for evaluating tendon health [28-31], they
are designed to provide a correlation or statistical relationship
between their measured ultrasound properties and tissue proper-
ties. In contrast, our method directly measures a tissue property,
collagen organization. Therefore, this method can provide a more
direct evaluation of tendon health. Additionally, the correlations
determined through these other methods are susceptible to con-
founding factors, such as density, tissue hydration, collagen fibril
type, etc. Collagen organization can be measured independently
of these factors, allowing for a more mechanistic evaluation that
can give specific structural information about how organization
contributes to healing. This mechanism also provides the opportu-
nity to develop a targeted therapy (such as loading or rehabilita-
tion protocols) to specifically address the changes seen in the
ultrasound analysis. Finally, ultrasonic property changes are in
other studies only assumed to be influenced by collagen-fiber or-
ganization. This study provides evidence that collagen organiza-
tion is a contributing factor to the changes seen in ultrasound
properties demonstrated in other groups.

This study is not without limitations. Only healthy tendons
(from previously sacrificed animals) were evaluated, so even by
applying a load or inflicting an injury, the range of achievable or-
ganization values is fairly small. Furthermore, a standardized yet
simple injury model was used for this validation study. While this
injury is not clinically relevant, it provides a standard defect that
alters the collagen alignment. Therefore, the changes observed,
while significant, only represent a small range of values that are
likely larger in healing tissues with more clinically relevant
defects. However, this allows demonstration of the sensitivity and
capability of this experimental technique. Future studies will
evaluate a more extensive injury model to further demonstrate the
range of organization values that can be achieved using HFUS.
Additionally, while our tensiometer allowed us to apply a range of
precise loading conditions, we were not able to perform more so-
phisticated mechanical testing, such as preconditioning or applica-
tion of a constant strain rate. However, any variability in loading
speed is likely to be nominal, since it was performed by the same
operator (first author). Furthermore, we are using a 55-MHz ultra-
sound transducer, which, because of its high resolution, is ideal
for small tendons (which was needed for this study in order to per-
form the CP analysis). However, the depth capabilities of this fre-
quency transducer are limited, and so in order to translate this
method in vivo and to larger tendons, it must be demonstrated
using a lower-frequency probe. In a rat or larger animal’s Achilles
tendon, since the collagen structure approximately scales with
size, a lower-frequency transducer will be able to resolve the col-
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lagen structure while still penetrating through surrounding tissue
layers. This can be demonstrated by looking at a clinical scan of a
human Achilles tendon, where the striated pattern we are quanti-
fying can be seen [35,36]. Clinical scanners range from
2—-18 MHz, and structures such as the Achilles tendon are com-
monly imaged at 15-18 MHz since they are superficial. A scanner
of 17.5MHz has an axial resolution of ~85 um [37], and given
that human-tendon fascicle structures have a diameter of approxi-
mately 300400 um [38], this technique would be able to resolve,
and therefore quantify, the fascicle structure. Additionally, while
not currently used clinically, a 25-MHz probe has an axial resolu-
tion of ~70 um [37] and, in most cases, may still have an appro-
priate focal length for imaging the human Achilles. Therefore, it
could potentially be used for this application. However, further
investigation is needed to determine the sensitivity of this tech-
nique using a lower-resolution scanner on a larger specimen. The
current study provides evidence that such a study should be con-
ducted, since it is shown that the banded pattern and collagen ori-
entation are related. One limitation of this is that it may not work
as well for tendons that are less superficial (such as supraspinatus)
when compared to more superficial tendons (such as Achilles as
used here). Finally, this new technique shows significant differen-
ces that are scientifically relevant; however, it is difficult to deter-
mine how these measures will translate to the clinical situation to
determine patient-to-patient differences in organization. Further
analysis would be needed to obtain a normal in vivo range, as
well as the degree of change between normal and injury, in order
to provide a more clinically relevant comparison. Additionally,
since this technique has the potential to become noninvasive, it
could be used for longitudinal studies, and therefore data would
be compared within an individual over time, overcoming the
potential variability between individuals in some studies.

This is the first study to directly quantify tendon-collagen align-
ment from ultrasound images. Specifically, it has demonstrated
that HFUS is capable of detecting changes in organization due to
load and injury and that these changes are consistent with both the
established CP method and expected results based on previous
studies [10—14]. As such, this experiment validates the use of
HFUS imaging for obtaining a quantitative measure of tendon or-
ganization and provides critical data to continue to refine the tech-
nique for future in vivo applications requiring a noninvasive
method. Such a method could eventually be used in clinical stud-
ies to monitor progress during treatment and ultimately improve
patient outcomes.
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