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Abstract

Achilles tendon structure differs between trained
distance runners and healthy controls, but the
progression of tendon remodeling over the course
of a competitive season is poorly understood.
Therefore, the purpose of this study was to
guantify Achilles tendon structure at the
beginning and completion of a cross country
season. We hypothesized that athletes who did
not develop tendinopathy would not present with
changes in tendon structure. Ultrasound
assessments of the right Achilles tendon mid-
substance were performed to quantify tendon
organization, thickness, and echogenicity.
Subjective structural measures and reported
outcomes were also collected to determine if
tendinopathy was present in any of the subjects.
None of the subjects developed symptomatic
tendinopathy over the course of the competitive
season, but one runner did show signs of mild
neovascularization. Tendon organization and
echogenicity did not change over the course of
the season. Tendon thickness increased by 7% (P
< 0.001) but the effect size was small (d = 0.36).
Runners who do not develop symptomatic
tendinopathy have habituated tendon structure
that may serve as a protective mechanism against
the rigors of distance running. Monitoring tendon
structure may serve as a means of detecting signs
of structural indicators of tendinopathy prior to
the presentation of symptoms.

New & Noteworthy

Distance runners are at a 10-fold risk of
developing Achilles tendinopathy, a painful
degenerative condition. This work demonstrates
that runners who do not develop symptoms over
the course of a competitive-season have
structurally  stable tendons, suggesting a
habituated tissue that can withstand the increased
loads experienced during high-mileage running.
Monitoring tendon structure in athletes may serve
as a way to identify detrimental structural
changes before symptoms become present.

Introduction

Achilles tendinopathy is a painful degeneration of
the tendon that is ten-times more common in
running athletes compared to age-matched peers
(14). During running, the Achilles tendon is
cyclically loaded in excess of twelve body
weights (13), which may be the driving factor in
tendon remodeling and tendinopathy
development in these athletes. However, the
progression of load induced tendon remodeling in
a population at increased risk of developing
symptomatic tendinopathy is not well understood
(23).

Structural changes associated with symptomatic
tendinopathy such as decreased collagen
alignment (12) — or ‘organization’ — and
increased tendon thickness (19) have both been
reported in asymptomatic athletic populations.
Competitive collegiate distance runners have
thicker and less organized tendons than their
recreationally active peers (Figure 1), despite
displaying no symptoms of tendinopathy (10).
Similarly, hypertrophy of the Achilles tendon has
been observed in both elite and recreational
athletes (5, 20), suggesting structural adaptations
in response to the cyclic loading experienced
during running.

Achilles tendon structure and properties change
in response to training and previous exposure.
Collagen synthesis in the peritendon increases
following an intense bout of exercise (18) and
prolonged periods of training in novice runners
(17), which have not been associated with
changes in tendon structure (8). Interestingly
though, resistance training that involves high
tendon strains stimulate stiffer tendons despite no
increase in tendon cross-sectional area (3).
Conversely, low strain magnitude training
increases tendon cross-sectional area without
increasing tendon stiffness (3). Trained runners
have structurally different tendon compared to
their recreationally active peers (10, 20, 26).
However, it is unclear how tendon structure in
highly-trained runners changes in response to
prolonged bouts of training.
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The purpose of this study was to prospectively
guantify Achilles tendon structure in competitive
distance runners at the beginning and completion
of a cross country season. We hypothesized that,
in the absence of injury, there would be no
detectable differences in tendon thickness,
organization, or echogenicity in the Achilles
tendons of competitive distance runners. Should
signs or symptoms of tendinopathy develop, we
expected to detect structural changes associated
with  tendinopathy: increased thickness,
decreased organization, and increased
echogenicity (32). Understanding the structural
remodeling response of tendon after exposure to
prolonged bouts of cyclic loading is crucial to
understanding how tendon disorders progress.

Methods
Study Design

Nineteen collegiate cross country runners (9
females; Age: 19 + 1.5; Height: 172 + 7 cm;
Weight: 60.4 £ 8 kg; years running: 6.4 + 2.5 yrs)
provided written consent before participating in
this IRB approved study. All participants had no
symptoms of Achilles tendinopathy prior to
participating in this study. Ultrasound images and
patient reported outcomes were acquired one
week prior to and one week following competing
in a Division I NCAA Cross Country season.
These visits took place on one of the team’s
scheduled rest days and at least 12 hours after the
last training session. Each study visit consisted of
a self-reported assessment of tendon health and a
quantitative ultrasound assessment. Participants
completed a clinical-outcome questionnaire
specific to Achilles tendon health (VISA-A)(11)
in order to determine Achilles tendon healthy and
function.

Image Acquisition

Longitudinal B-mode ultrasound images of the
mid-substance of the right Achilles tendon were
acquired while subjects lay prone on a treatment
table with ankles placed in the resting position off
the end of the table. This position has been used
previously to normalize the amount of tension in

each subject’s tendon (30). Images were acquired
with an 18 MHz transducer (L18-10L30H-4,
SmartUs, TELEMED) with a 3 c¢cm scanning
width that was positioned approximately 4 cm
proximal to the calcaneal insertion. Scanning
parameters were held constant for all subjects
over both scanning sessions (scan parameters:
Dynamic Range: 72dB; frequency: 18 MHz;
gain: 47 dB). Longitudinal Doppler images were
acquired in order to quantify tendon
neovascularization, which is a clinical indicator
of tendon healing and pathology (32). Images
were acquired by a single investigator as a
continuous video and saved as video files.

Image Analysis

Tendon structure was quantified using objective
measures of organization and thickness. A single
frame of each acquisition that clearly showed the
mid-substance of the Achilles tendon (Figure 2)
was selected by the same investigator for all
subjects across both imaging sessions. In order to
prevent any potential analyses bias, all images
were selected and analyzed in a single session in
which the trials were randomized and blinded to
the investigator.

Collagen organization was quantified in the
longitudinal B-mode ultrasound images using a
computational analog for crossed polarizer light
imaging (22). This analysis was implemented
through a custom-written software that has been
described in great depth elsewhere and has strong
intrarater reliability (9). Briefly, the banded
appearance of tendon results from collagen
fascicles appearing hyperechoic and the non-
collagenous matrix between the fascicles
appearing hypoechoic under US (Figure 2,
middle). To quantify the alignment of these
bands, a rectangular region of interest of the
visible length of the free Achilles tendon was
selected (Figure 2, left), while edges of the
tendon were avoided to prevent edge artifacts
during analysis. A linear kernel was applied over
groups of pixels in the image through a
convolution matrix at varying angles between 0
and 180 degrees. The primary direction of each
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fascicle was calculated as the angle of maximum
echo intensity using a power series function. The
number of fascicles aligned at each angle was
plotted in a histogram (Figure 2, right). The
circular standard deviation (CSD) was calculated
by determining the number of collagen fascicles
that were not aligned in the primary fiber
direction and the magnitude of the difference
between their alignment and the mean angle. The
CSD and collagen organization were then, by
definition, inversely proportional: the higher the
CSD, the less organized the structure of the
tendon.

Tendon thickness and echogenicity were
calculated using established-quantitative
methods (6, 28, 32). Longitudinal thickness of the
tendon was measured as the point to point
distance between the deep and superficial edges
of the tendon. Tendon thickness was calculated
by the same blinded investigator using open-
source image processing software (28). This
measurement has been shown to be both
repeatable and reliable in a prior report (32).
Average echogenicity was calculated from the
same regions of interest that were used to
calculate collagen organization (6).

Clinical grading of tendon structure and
neovascularization was performed by a
fellowship-trained sports medicine physician
who was blinded to all other subject data. Tendon
structure and neovascularization were both
graded (32) on a scale from 0 to 3: ranging from
normal (0) to severe symptoms (3).

Statistical Analysis

Tendon organization, thickness, and echogenicity
as well as VISA-A scores were compared
between the two study visits using two-way
paired t-tests. Additionally, effect sizes were
determined for any differences found to be
statistically significant (P < 0.05). Effect sizes
were reported using Cohen’s d, calculated as the
mean difference divided by the pooled standard
deviation. (27) Secondary regression analysis was
performed to determine the relationship between
organization and echogenicity.

Results

Achilles tendon symptoms did not develop in any
of the runners over the duration of the
competitive running season, which was
confirmed by clinical US exams and VISA-A
scores at each imaging session (Table 1). During
the first session, all runners were qualitatively
determined to have ‘normal structure’. Prior to
the competitive running season, one runner
showed signs of ‘mild neovascularization’ (score
of 1 out of 3) under Color Doppler, while all other
runners had no signs of neovascularization. No
changes were observed in clinical measures of
tendon structure at the second session (Table 1).
No detectable change in VISA-A scores between
the pre- and post-season sessions (P > 0.1, Table
1).

Tendon organization and echogenicity did not
change over the course of the competitive season
(P > 0.05, Figure 3). Tendon thickness increased
by 7% (P < 0.001, Figure 3), but the effect size
of this change was small (d = 0.36). Mean
echogenicity was negatively correlated with
collagen alignment at both time points (Session
1: R?=0.24, P < 0.05; Session 2: R2=0.29, P <
0.05, Figure 4).

Discussion

Achilles tendon injuries are particularly common
in running athletes (14), but the implications of a
competitive training season on tendon structure is
unclear. Therefore, the purpose of this study was
to prospectively quantify Achilles tendon
structure in competitive distance runners at the
beginning and completion of a cross country
season. We confirmed our hypothesis that
competitive distance runners have Achilles
tendon structure that is habituated to prolonged
cyclic loading and does not change over a
competitive season. While there was a
statistically significant increase in tendon
thickness (7%, P < .001) the effect size of this
change was small (d = 0.36) and was not
associated with any increases in clinical markers
of tendinopathy (Table 1).
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Our findings that tendon undergoes small
amounts of hypertrophy throughout a competitive
running season while maintaining a habituated
structure is supported by previous literature. A
previous ultrasound study on tendon thickness in
distance runners also showed small amounts of
tendon hypertrophy during a competitive season
(31). Ultrasound analyses of shoulder tendons in
elite swimmers shows darker and thicker tendons,
suggestive of habituated tendon structure in
response to long-term participation in training
(25). Hypertrophy of the patellar and Achilles
tendons have both been reported in recreational
and elite athletes as a response to sport specific
training (5, 8, 20).

Changes in tendon structure appear to be a
protective adaptation (10, 20), mitigating injury
risk in trained runners who cyclically load their
tendons over extended periods of time.
Mechanically, thicker tendon undergoes reduced
strain when exposed to cyclic loading during
running (26). In addition to thicker tendons,
distance runners also have decreased collagen
organization and echogenicity (10), which may
further modulate the mechanical properties of the
tendon (7). Tendon remodeling as a protective
mechanism appears to be activity dependent, with
sprinters having stiffer tendons than both distance
runners and healthy controls (2). Despite
similarities in tendon stiffness between distance
runners and non-runners (2) the same study also
demonstrated no difference in maximal torque
generation potential between distance runners
and non-active populations.

The intrinsic and extrinsic factors that drive
tendon remodeling remain unclear but many
mechanisms have been identified as potential
drivers. Exercise has been shown to increase
levels of collagen synthesis in humans (17, 18)
but the effects of this increase have not been
directly linked to tendon remodeling. These
studies have been limited to short term changes in
activity level, so it is unclear if increased collagen
synthesis levels are maintained through long term
training regimens or return to nominal levels
following prolonged habitual training. The

magnitude of tendon strain during training
impacts tendon remodeling, both in terms of
hypertrophy and increased stiffness (1).
Additionally, lower frequencies of applied strain
elicit larger changes of tendon mechanical
properties (3). The varying mechanical
adaptations elicited as a result of varying strain
frequencies seem to agree with differences
observed between long distance runners and
sprinters (2). Distance runners are primarily
interested in  maintaining  velocity and
minimizing energy expenditure. In order to
minimize energetics during running, trained-
runners increase tendon loading in order to
efficiently store and return elastic energy.
Metabolic cost of distance running has been
negatively correlated with Achilles tendon
moment arm (21, 29), a mechanism that increases
the amount of tendon tension during locomotion.

The processes by which tendon remodels from a
naive to a habituated — and from a healthy to a
pathologic — state are still not well understood.
Remodeling is not observed in novice runners
over the course of 34 weeks (8); however, these
runners only participated in low-intensity middle-
distance running with the goal of reducing the
likelihood of injury. Similarly, the present study
demonstrates that the habituated tendons of
experienced runners do not show signs of
remodeling following prolonged training. While
training results in increased metabolic activity
and tendon remodeling in certain cases, there
appears to be an intensity and frequency
threshold that must be crossed in order to elicit
the remodeling response. Rapid changes in
activity level may increase the development of
tendinopathy (4), suggesting that the loading
thresholds for tendon remodeling and pathologic
development depend on the history of training.
This study cohort maintained a regimented
training routine and did not develop tendinopathy
despite being at a nearly ten-fold higher injury
risk (14).

Several limitations should be considered when
interpreting these results. Ultrasound
measurements were made by a single investigator
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in a single data collection session but these
measurements have been shown to be repeatable
and reliable between and within investigators (9).
All participants in this study were part of the same
collegiate cross-country team and underwent
similar training regimens, but each athlete’s
weekly mileage varied and we did not control for
factors such as diet, running mechanics,
medication exposure, and genetics. Tendon
mechanical properties were not measured in this
study; however, prior reports have linked tendon
mechanical properties with organization (15, 16)
and echogenicity (6).

In conclusion, although the Achilles tendons in
experienced distance runners are structurally
different than controls — suggesting mechanical
adaptation to running — they do not experience
substantive changes in Achilles tendon structure
following a competitive season in the absence of
injury. These findings build confidence that some
degree of remodeling may act as a protective
adaptation. It remains unclear if changes to the
structure of the tendon are predictive of the
development of tendon dysfunction; however,
intensive training for collegiate cross country
competition does not appear to elicit detrimental
changes in tendon structure in seasoned runners.
Monitoring tendon structure in running athletes
may identify subtle changes in tendon structure
before symptoms present. Understanding the
processes by which the tendon remodels in both
healthy and pathologic ways is crucial to better
treating and preventing tendon disorders.
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Table 1. Subjective measurements of tendon status

Session 1 Session 2
VISA-A (out of 100) 93+8.1 94+6.9
Structure (0 - 3) 00 00

Neovascularization (0 —3) 0.05+£0.21 0x0
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Figure 1. Major differences between the
runner and control group can be seen when
comparing these tendons under ultrasound.
Runner tendon appears visibly thicker and less
echogenic than control tendon. Reprinted with
permission [pending] from J Appl Physiol.
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by three investigators (left). Selections were processed computationally to identify the fascicles of the tendon (middle). Collagen fascicle
alignment was calculated based on the deviation from the mean direction of all identified fascicles, termed the circular standard deviation
(CSD). Reprinted with permission [pending] from J Ultrasound Med.

Circular Standard Deviaiton (°)

Circular Standard Deviation (°)

~

®

ES

[+

Thickness (mm)
o

w
[N

B
=
G 24
x (&}
— (=5 5 x
x
Fos L5 o - '
=" g e F— <
x FE — 4
&3 x
%, £ 18 . . % %
- - X
5 O F—1
Q * . X
= %
B x

Session 1 Session 2

. °
Y s RN
PTG,
. t x* = -

12 24
Mean Echogenicity (%)

Session 1 Session 2 Session 1 Session 2

Figure 4. Mean echogenicity and circular
standard deviation was negatively correlated
before (session 1, R? =0.24, P < 0.05, dots)
and following the competitive season (session
2,R?=0.29, P < 0.05, crosses).

Figure 3. Measures of circular standard
deviation (left), tendon thickness (center), and
mean echogenicity (right) are plotted for pre-
season (session 1, N=19) and post-season
(session 2, N=19). Measurement ranges (solid)
and 95% confidence intervals (dashed) are
plotted for each group. Circular standard
deviation and mean echogenicity did not differ
between sessions but tendon thickness showed
a small increase following the training season
(p < 0.001, effect size: 0.36).
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