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Tendon Morphology and Mechanical
Properties Are Associated With the Recovery
of Symptoms and Function in Patients
With Achilles Tendinopathy
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and Karin Grävare Silbernagel,*§ PT, ATC, PhD

Investigation performed at the University of Delaware, Newark, Delaware, USA

Background: Achilles tendinopathy is a debilitating overuse injury characterized by pain, altered Achilles tendon structure, and
impaired functional performance. Evaluating tendon structure as part of the physical examination may help establish a well-defined
prognosis. However, the usefulness of measuring tendon structure for developing a prognosis has been questioned since
structural abnormalities can exist without symptoms.

Purpose: To determine whether initial measures of tendon morphology and mechanical properties were associated with patient-
reported symptoms and calf muscle endurance at baseline, 6-month follow-up, and 1-year follow-up by prospectively following a
cohort of individuals with Achilles tendinopathy.

Study Design: Cohort study; Level of evidence, 2.

Methods: A total of 59 participants with midportion or insertional Achilles tendinopathy completed an initial assessment and
follow-up assessments at 6 months and 1 year. At the initial assessment, patient-reported symptoms, calf muscle endurance, and
Achilles tendon thickening were evaluated, and Achilles tendon mechanical properties were estimated. At the 6-month and 1-year
follow-up assessments, patient-reported symptoms and calf muscle endurance were reevaluated.

Results: Greater Achilles tendon thickening at the initial assessment was consistently associated with worse patient-reported
symptoms and calf muscle endurance at each assessment. Changes in symptoms over the year were moderated by the initial
shear modulus of the tendon, with a lower shear modulus associated with less improvement in symptoms. Lower viscosity at the
initial assessment was also associated with worse calf muscle endurance at each assessment.

Conclusion: Measures of tendon morphology and mechanical properties appear to be associated with patient-reported symp-
toms and calf muscle function for patients with Achilles tendinopathy.
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Achilles tendinopathy is a debilitating overuse injury char-
acterized by pain, impaired functional performance, and
altered Achilles tendon morphology.24,40 A clinical diagno-
sis of Achilles tendinopathy is primarily based on patient
history and physical examination. Yet, ultrasonography
and magnetic resonance imaging are commonly used to
confirm the diagnosis and measure morphologic features
of the tendon (eg, thickness, cross-sectional area). The clin-
ical usefulness of these morphologic measurements has
been questioned because structural abnormalities can exist
without symptoms.12,13,32 However, abnormal Achilles
tendon structure increases the likelihood of developing

symptoms.16,19,20,26 To better understand whether tendon
structure is important for patient recovery, there is a need
to evaluate the associations of tendon morphologic features
with patient outcomes.

Although traditional measures of tendon morphology
reflect the size and/or shape of the tendon, they do not nec-
essarily represent the tendon’s ability to absorb and trans-
fer loads during functional activities. Tendon mechanical
properties reflect the structural integrity of the tendon and
have become of interest to supplement measures of tendon
morphology. In the context of Achilles tendinopathy,
research has focused on developing techniques for estimat-
ing mechanical properties, comparing properties of healthy
and tendinopathic tendons,3,6 and determining whether
mechanical properties can assist with diagnosis.4,14,28 We
have developed a valid and reliable technique known as
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continuous shear wave elastography (cSWE) that was orig-
inally described by Cortes et al10 and then further
expanded upon by Corrigan et al.9 With this technique,
shear waves are applied to the tendon through use of an
external device and measured via high-frame-rate ultraso-
nography. The mechanical properties estimated with cSWE
are shear modulus (resistance to a shearing force) and vis-
cosity (rate-dependent resistance to a shearing force),
which have intraclass correlation coefficients of 0.70 and
0.86, respectively, and are strongly correlated with Young’s
modulus.9 Furthermore, cSWE has been used in several clin-
ical research studies to estimate mechanical properties of
healthy,39 tendinopathic,8,10 and ruptured Achilles ten-
dons.42-44 Yet, it remains unclear whether these properties
are associated with patient symptoms and function. Thus, a
better understanding of Achilles tendon injury and recovery
may be gained by exploring associations between tendon
mechanical properties and patient outcomes.

It is currently recommended that patients with Achilles
tendinopathy be treated with exercise therapy for at least
3 months before other treatments are considered.2,21 This
recommendation is made regardless of symptom severity,
abnormalities in tendon morphologic features, functional
status, or patient characteristics (eg, age, body mass index,
activity level). Although diagnostic imaging may help guide
treatment decisions, findings are rarely used to adjust
treatment expectations or determine treatment dosage.
One of the speculated benefits of measuring tendon mor-
phologic and mechanical properties is the ability to better
predict patient outcomes, which would result in more real-
istic treatment expectations. It is currently unknown
whether Achilles tendon morphologic and mechanical prop-
erties have this predictive value. Therefore, as a first step,
this study aimed to determine whether initial measures of
tendon morphologic features and estimated mechanical
properties were associated with patient-reported symptoms
and calf muscle endurance at baseline, 6-month follow-up,
and 1-year follow-up by prospectively following a cohort of
individuals with either midportion or insertional Achilles
tendinopathy. We hypothesized that greater tendon thick-
ening, lower shear modulus, and lower viscosity at the
initial assessment would relate to consistently worse
patient-reported symptoms and calf muscle endurance over
the year. Additionally, we hypothesized that changes in
patient-reported symptoms and calf muscle endurance
would be moderated by measures of tendon thickening,
shear modulus, and viscosity.

METHODS

Study Design

This study is part of an ongoing observational cohort study
that prospectively follows patients with any type of Achilles
tendon injury (eg, tendinopathy, rupture) or associated
injury (eg, retrocalcaneal bursitis) for 1 year. Participants
complete an initial assessment, a 6-month follow-up
assessment, and a 1-year follow-up assessment. Partici-
pants in this analysis were recruited from November
2014 to January 2018 through local physicians, podia-
trists, and physical therapists as well as through newspa-
per advertisements, flyers, and social media. At the initial
assessment, patient-reported symptoms, calf muscle
endurance, and tendon morphologic features were evalu-
ated and tendon mechanical properties were estimated. At
the follow-up assessments, patient-reported symptoms
and calf muscle endurance were reevaluated. Prior to data
collection, participants were informed of the study proce-
dures and provided written consent. The study protocol
was approved by the institutional review board at the Uni-
versity of Delaware.

Participants

For the current study, only participants who had a clinical
diagnosis of midportion or insertional Achilles tendinopa-
thy, as defined by van Dijk et al,40 were included. The diag-
nosis was confirmed with a clinical examination performed
by a licensed physical therapist. Participants with a history
of surgery to the Achilles tendon, a comorbidity that affects
pain perception (eg, multiple sclerosis, fibromyalgia), or
minimal symptoms at their initial visit (ie, Victorian Insti-
tute of Sports Assessment–Achilles [VISA-A] score >90)
were excluded. Additionally, participants were excluded if
they did not either complete follow-up assessment or
undergo the structural evaluation at the initial assessment.
Demographics, anthropometrics, injury characteristics,
treatment history, and physical activity levels were
recorded at the initial assessment. The Physical Activity
Scale, as originally described by Grimby,17 is scored from
1 to 6, with higher values indicating more physical activity.

Patient-Reported Symptoms

The VISA-A questionnaire was used to quantify symptom
severity at each assessment. The VISA-A is a questionnaire
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developed for patients with Achilles tendinopathy that is
valid, reliable, and commonly used in clinical practice.25,30

The questionnaire is scored from 0 to 100, with lower scores
representing worse symptoms. The first 7 questions are each
worth 10 points, and the eighth question is worth 30 points.
Ideally, participants will complete all 8 questions. However,
questions 6 and 8 are occasionally skipped by participants.
These questions assess pain during hopping (question 6) and
participation in sports (question 8). The reasons for skipping
these questions were not recorded. If the sixth question was
skipped, the mean score of questions 1 through 5 was used to
fill in the missing response. If the eighth question was
skipped, the VISA-A was not scored.

Calf Muscle Endurance

Participants performed the heel-rise endurance test at each
assessment to quantify the functional status of the calf
musculature. For this test, participants performed as many
single-leg heel-rises as possible on a 10� incline box while
keeping their knee straight and following a metronome (30
repetitions per minute). The heel-rise endurance test is valid
and reliable5 and has been used to detect functional deficits
in patients with Achilles tendinopathy.35 Testing was termi-
nated when the participant was unable to perform more
repetitions or maintain the testing parameters. A linear
encoder (MuscleLab; Ergotest Innovations) was attached to
the heel of the participant throughout testing to determine
the total mechanical work (work ¼ S displacement � mass)
performed by the calf musculature. A zero was recorded
when a participant could not complete a single-leg heel-rise.

Tendon Morphologic Assessment

Morphologic features of the Achilles tendon were evaluated
during the initial assessment with ultrasonography. Parti-
cipants were prone with their feet hanging naturally over
the edge of a treatment table. We obtained 3 extended field-
of-view images using a LOGIQ e ultrasound system (GE
Healthcare) equipped with a wide-band linear array probe
(5.0-13.0 MHz), as previously described.31,36 Anterior-
posterior tendon thickness was measured at the thickest
part of the tendon and at a standardized reference location.
Achilles tendon thickening was then calculated by sub-
tracting the thickness at the reference location from the
thickness at the thickest part (Figure 1). The reference
location reported in the literature is 2 cm proximal to the
osteotendinous junction for patients with midportion Achil-
les tendinopathy.7 The osteotendinous junction was defined
by the calcaneal notch, or the most proximal aspect of the
osteotendinous junction. Therefore, this reference location
was used for participants with midportion Achilles tendino-
pathy. The same reference location could not be used for
participants with insertional Achilles tendinopathy because
the tendon shape at this location was affected. Thus, the
reference location for participants with insertional tendino-
pathy was immediately distal to the myotendinous junction
of the soleus. This reference location was also used for parti-
cipants who had equal symptoms in the midportion and
insertion. Although the reference location differed between

participants with midportion and insertional tendinopathy,
each location reflected a region of the tendon that was rela-
tively unaffected for each subgroup.

Tendon Mechanical Properties

Achilles tendon mechanical properties were estimated with
cSWE during the initial assessment. cSWE is a valid and
reliable tool9,10 and has been used to estimate mechanical
properties of healthy, tendinopathic, and ruptured Achilles
tendons.8,38,42-44 cSWE provides separate elastic and vis-
cosity measurements of the tendon. To undergo cSWE, par-
ticipants were prone with their feet secured to a platform in
10� of ankle dorsiflexion. This positioning increased the
likelihood that the tendon was within the linear region of
the stress-stiffness curve. Shear waves were generated
with an external actuator (Mini-Shaker Type 4810; Bruel
& Kjaer) and applied to the Achilles tendon at 11 known
frequencies (range, 322-643 Hz). While the waves propa-
gated along the length of the tendon, a SonixMDP Qþ
ultrasound system (Ultrasonix) with an L14-5/38 probe and
a 128-channel data acquisition device sampled raw radio-
frequency data at 6438 frames per second. Care was taken
to ensure that the ultrasound probe was held parallel with
the tendon fibers in the thickest part of the free tendon
between the osteotendinous and myotendinous junctions.

Figure 1. Representative ultrasound images for measuring
Achilles tendon thickening. Thickening was calculated as the
thickness at the thickest location minus the thickness at the
reference location. (A) A healthy Achilles tendon. Tendon
thickening would be close to zero regardless of the reference
location. (B) Midportion Achilles tendinopathy with a refer-
ence location 2 cm proximal to the osteotendinous junction,
indicated by a star at the calcaneal notch. (C) Insertional
Achilles tendinopathy with the reference location immediately
distal to the soleus myotendinous junction.
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Viscoelastic modeling was used to estimate shear modulus
and viscosity of the Achilles tendon, which was thoroughly
described by Cortes et al.10 Three consecutive trials were
performed, and the mean was used for analysis.

Statistical Analysis

After we determined eligibility of participants, we used
independent t tests and chi-square tests (2 � 2 and 2 � 3
for sex and injury location, respectively) to compare partici-
pant characteristics between those included in the primary
analysis and those excluded because of no follow-up data
or baseline structural evaluation. Associations between
patient-report symptoms (VISA-A scores) with tendon mor-
phologic and mechanical properties were analyzed with a
General Linear Mixed Model. The analysis was then
repeated with calf muscle endurance (heel-rise work) as the
dependent variable. All assumptions of the mixed models,
including the absence of outliers at each time point, were
evaluated through use of residual plots and Shapiro-Wilks
tests for normality. If a single observation for an individual
was identified as an outlier, it was removed from the analy-
sis at only that time point. A first-order autoregressive cor-
relation structure of the residuals was selected by comparing
model fit through use of the Akaike and Bayesian informa-
tion criteria. Fixed effects in the model included tendon
thickening, shear modulus, and viscosity (initial assess-
ment) and time (initial, 6 months, and 1 year). This analysis
allowed us to determine whether greater tendon thickening,
lower shear modulus, and lower viscosity at the initial
assessment related to consistently worse patient-reported
symptoms and calf muscle endurance over the year. Addi-
tionally, the interactions of time with tendon thickening,
shear modulus, and viscosity were included, which enabled
us to determine whether changes in patient-reported symp-
toms and calf muscle endurance were moderated by mea-
sures of tendon thickening, shear modulus, and viscosity.
We assessed significant interactions post hoc by performing
a simple slope analysis, following suggestions from Aiken
and West.1 Thus, if VISA-A scores or heel-rise work over
time was significantly moderated by a structural variable,
the interaction was visualized by plotting the simple
slope when the structural variable was set to the mean and
1 SD above and below the mean. For all analyses, the signif-
icance level was set to .05.

In addition to the primary models, which included
patients with midportion and/or insertional Achilles tendi-
nopathy, a stratified analysis was performed to evaluate
each subgroup independently. Independent t tests and
chi-square tests were used to evaluate differences in
patient characteristics and initial measures of tendon
structure between the 2 subgroups.

RESULTS

Participants

The inclusion and exclusion criteria resulted in 59 eligible
participants; the flow of participants is depicted in Figure 2.

Demographics, anthropometrics, injury characteristics,
physical activity levels, and initial measures of morphologic
and mechanical properties are reported in Table 1 for all
eligible participants and subgroups of participants with
midportion and insertional Achilles tendinopathy. Age,
height, weight, duration of symptoms, Physical Activity
Scale score, and proportions for sex and injury location
were not significantly different (P > .05) between eligible
participants (n ¼ 59) and those excluded because of no
follow-up data or initial structural evaluation (n ¼ 46).
Furthermore, no significant differences were found
between the midportion and insertional cohorts for all
characteristics, including VISA-A scores, heel-rise endur-
ance, and tendon structural variables (Table 1).

Patient-Reported Symptoms

Entire Tendinopathy Cohort

When analyzing the associations between VISA-A scores
over the year and tendon morphologic and mechanical
properties at the initial assessment, we identified 2 obser-
vations as outliers and removed them from the final model.
This resulted in data from 58 participants at the initial
assessment, 49 participants at 6-month assessment, and
46 participants at 1-year assessment. The 2 observations
were removed to satisfy the assumption of normality for
mixed model. During sensitivity analyses, it was deter-
mined that the results were unchanged when the analysis
was performed with all observations.

Adjusted mean VISA-A scores were 54 (95% CI, 50-60) at
the initial assessment, 72 (95% CI, 67-77) at the 6-month
assessment, and 78 (95% CI, 72-83) at the 1-year assess-
ment, with a significant fixed effect of time (P ¼ .016). The
tendon’s initial shear modulus significantly moderated the
relationship between VISA-A scores and time (P¼ .009). To
illustrate the effect of low, moderate, and high shear mod-
ulus at the initial assessment on VISA-A scores over time,
the findings from the simple slope post hoc analysis are

Figure 2. Participant flowchart. VISA-A, Victorian Institute of
Sports Assessment–Achilles.

4 Corrigan et al The Orthopaedic Journal of Sports Medicine



plotted in Figure 3. The fixed effect of tendon thickening on
VISA-A scores was also significant (P ¼ .001). A 1-mm
increase in tendon thickening was associated with a 4-
point decrease in VISA-A scores across all time points.
VISA-A scores were not associated with the tendon’s initial
viscosity (fixed effect, P ¼ .221; interaction with VISA-A by
time, P ¼ .270).

VISA-A Scores Stratified by Location
of Achilles Tendinopathy

For individuals with midportion Achilles tendinopathy
(n ¼ 28 with 1 observation removed), adjusted mean

VISA-A scores were 58 (95% CI, 51-66) at the initial assess-
ment, 71 (95% CI, 64-79) at the 6-month assessment, and 82
(95% CI, 74-90) at the 1-year assessment. VISA-A scores
were not associated with time (P¼ .214), tendon thickening
(fixed effect, P¼ .052; interaction with VISA-A by time, P¼
.666), shear modulus (fixed effect, P ¼ .489; interaction
with VISA-A by time, P ¼ .126), or viscosity (fixed effect,
P ¼ .670; interaction with VISA-A by time, P ¼ .584).

For individuals with insertional Achilles tendinopathy
(n ¼ 25 with 1 observation removed), adjusted mean
VISA-A scores were 51 (95% CI, 42-59) at the initial assess-
ment, 72 (95% CI, 63-80) at the 6-month assessment, and 72
(95% CI, 63-82) at the 1-year assessment. Time and tendon
thickening were significantly associated with VISA-A
scores (P ¼ .032 and P ¼ .028, respectively). A 1-mm
increase in tendon thickening was associated with a
6-point decrease in VISA-A score across all time points.
Shear modulus (fixed effect, P ¼ .192; interaction with
VISA-A by time, P ¼ .261) and viscosity (fixed effect,
P ¼ .182; interaction with VISA-A by time, P ¼ .274) were
not associated with VISA-A scores.

For the 6 individuals with equal midportion and inser-
tional symptoms, a mixed model could not be performed. As
an alternative, unadjusted VISA-A scores are shown in Fig-
ure 4 for these individuals, along with the adjusted means
from the midportion and insertional subgroups.

Calf Muscle Endurance

Entire Tendinopathy Cohort

When analyzing the associations between heel-rise work
over the year and tendon morphologic and mechanical
properties at the initial assessment, we identified 3 obser-
vations (the same participant at each time point) as outliers

TABLE 1
Initial Characteristics of Patients With Achilles Tendinopathya

Entire Tendinopathy
Cohort Midportion Subgroup Insertional Subgroup P

Age, y 52 ± 15 (19-79) 54 ± 14 (27-77) 51 ± 16 (19-79) .57
Height, cm 174 ± 11 (140-195) 177 ± 11 (157-193) 172 ± 12 (140-195) .20
Body mass, kg 84 ± 21 (56-164)b 81 ± 14 (58-116) 88 ± 27 (56-164)b .24
Duration of symptoms, mo 25.4 ± 57.5 (0.4-396.3)c 25.3 ± 75.8 (0.4-396.3)b 24.1 ± 30.4 (2-127.9)d .95
Physical Activity Scale score 4.1 ± 1.4 (1-6)b 4.2 ± 1.5 (1-6)b 4.0 ± 1.4 (1-6) .66
VISA-A score 55 ± 21 (18-88)b 59 ± 18 (25-88)b 50 ± 22 (18-88) .13
Heel-rise work, J 1248 ± 952 (0-3697)c 1294 ± 832 (0-2728)b 1232 ± 1096 (0-3697)d .82
Tendon thickening, mm 2.88 ± 1.9 (0.1-7.5) 3.17 ± 1.9 (0.1-6.4) 2.43 ± 1.6 (0.2-7.5) .13
Shear modulus, kPa 100.7 ± 17.5 (63.2-139.4) 102.4 ± 17.8 (70.8-139.4) 102.6 ± 16.2 (80.3-133.3) .97
Viscosity, Pa*s 50.8 ± 12.9 (20-80) 49.3 ± 12.7 (20-76) 50.7 ± 13.5 (25-80) .72
Sex, males/females, n 33/26 19/9 12/13 .14
Location of injury, midportion/insertion/both, n 28/25/6 NA NA NA

aUnless otherwise noted, results are reported as mean ± SD (range). The entire cohort includes midportion cohort, insertional cohort, and
individuals with equal midportion and insertional symptoms. P values are from independent t tests and chi-square tests for differences
between midportion and insertional cohorts. NA, not applicable; VISA-A, Victorian Institute of Sports Assessment–Achilles.

bOne participant did not complete.
cFour participants did not report.
dThree participants did not report.
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Figure 3. Post hoc simple slope analysis illustrating the effect
of the initial shear modulus on patient-reported symptoms
(Victorian Institute of Sports Assessment–Achilles [VISA-A]
scores) over time. For this analysis, the initial shear modulus
was set to 3 levels, which corresponded with the mean (mod-
erate) and 1 SD above and below the mean (high and low,
respectively).
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and removed them from the final model. Additionally,
another participant who did not complete the heel-rise
endurance test was removed. Removal of these 2 partici-
pants resulted in data from 54 participants at the initial
assessment, 47 participants at the 6-month assessment,
and 44 participants at the 1-year assessment. The outliers
were removed to satisfy the assumption of normality for
mixed model, and results were unchanged when a sensitiv-
ity analysis that included all observations was performed.
Therefore, the following results are from the model that
excluded outliers.

The adjusted means for heel-rise work were 1180 J (95%
CI, 984-1376 J) at the initial assessment, 1601 J (95% CI,
1399-1803 J) at the 6-month assessment, and 1598 J (95%
CI, 1387-1809 J) at the 1-year assessment, with no signifi-
cant effect of time (P ¼ .282). Tendon thickening and
viscosity were significantly associated with heel-rise work
(P < .001 and P ¼ .001, respectively). A 1-mm increase in
tendon thickening was associated with a 179-J decrease
in heel-rise work across all time points. A 1-Pa*s
decrease in viscosity was associated with a 20-J decrease
in heel-rise work across all time points. The initial viscos-
ity did not significantly moderate the relationship of heel-
rise work by time (P ¼ .053). Finally, heel-rise work was
not associated with the tendon’s shear modulus (P ¼ .132),
and the heel-rise work–time relationship was not signifi-
cantly moderated by tendon thickening or shear modulus
(P > .05).

Heel-Rise Work Stratified by Location
of Achilles Tendinopathy

For individuals with midportion Achilles tendinopathy
(n ¼ 28 with no observations removed), adjusted means for
heel-rise work were 1257 J (95% CI, 1002-1512 J) at the
initial assessment, 1566 J (95% CI, 1299-1834 J) at the
6-month assessment, and 1642 J (95% CI, 1356-1929 J) at
the 1-year assessment. Tendon thickening and viscosity
were significantly associated with heel-rise work

(P ¼ .005 and P ¼ .021, respectively). A 1-mm increase in
tendon thickening was associated with a 94-J decrease
in heel-rise work across all time points. A 1-Pa*s
decrease in viscosity was associated with a 26-J decrease
in heel-rise work across all time points. Heel-rise work,
however, did not significantly change over time (P ¼ .616)
and was not associated with shear modulus (fixed effect,
P ¼ .202; interaction with heel-rise work by time, P ¼ .640).

For individuals with insertional Achilles tendinopathy
(n ¼ 24 with 3 observations removed), adjusted means for
heel-rise work were 1138 J (95% CI, 713-1563 J) at the
initial assessment, 1706 J (95% CI, 1280-2133 J) at the
6-month assessment, and 1718 J (95% CI, 1284-2152 J) at
the 1-year assessment. Heel-rise work did not significantly
change over time (P ¼ .608) and was not associated with
tendon thickening (fixed effect, P ¼ .228; interaction with
heel-rise work by time, P ¼ .115), shear modulus (fixed
effect, P ¼ .968; interaction with heel-rise work by time,
P ¼ .933), or viscosity (fixed effect, P ¼ .071; interaction
with heel-rise work by time, P ¼ .061).

Similar to VISA-A scores, a mixed model was not per-
formed for heel-rise work for the 6 individuals with equal
midportion and insertional symptoms. Instead, each indi-
vidual’s unadjusted heel-rise work was plotted over time
with the larger subgroups as references (Figure 5).

DISCUSSION

The purpose of this study was to determine whether initial
measures of Achilles tendon morphology and mechanical
properties were associated with patient-reported symptoms
and calf muscle function at baseline, 6-month follow-up,
and 1-year follow-up for patients with Achilles tendinopa-
thy. We hypothesized that greater tendon thickening, lower
shear modulus, and lower viscosity at the initial assess-
ment would consistently relate to lower VISA-A scores and
less heel-rise work at each time point over the year. Nota-
bly, we found that greater tendon thickening at the initial
assessment was associated with worse patient-reported
symptoms and calf muscle endurance at baseline, 6 months,
and 1 year. Additionally, a lower initial viscosity was
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consistently associated with worse calf muscle endurance.
We also hypothesized that changes in patient-reported
symptoms and calf muscle function over a year would be
moderated by tendon thickening, shear modulus, and vis-
cosity. Interestingly, we found that shear modulus signif-
icantly moderated VISA-A scores over time, with a lower
shear modulus at the initial assessment being associated
with less improvement in symptoms by 1-year follow-up.
Collectively, these findings partially support our hypoth-
eses and suggest that measures of tendon morphology and
mechanical properties may play an important role in the
recovery of symptoms and function for patients with Achil-
les tendinopathy.

Morphologic characteristics of the tendon are commonly
evaluated in clinical and research settings with ultrasonog-
raphy and magnetic resonance imaging. In addition to con-
firming a diagnosis of Achilles tendinopathy, diagnostic
imaging has been used to monitor the tendon’s response
to treatment15,27,33 and predict the development of symp-
toms.16,19,20,26 Markedly, a systematic review by McAuliffe
et al26 showed that the risk of developing symptoms of
Achilles tendinopathy was 7 times greater in people who
had tendon structural abnormalities. Two of the most com-
monly measured morphologic features are tendon thick-
ness and cross-sectional area. Although useful for
between-limb and between-group comparisons, stand-
alone measures of tendon thickness and cross-sectional
area do not reflect the degree of structural abnormality
within a tendon. Achilles tendon thickening is a novel
measure of tendon morphology that reflects how uniform
the tendon is, with perfect uniformity being characteristic
of a healthy tendon. In the current study, we showed that a
greater degree of tendon thickening was associated with
worse symptoms and calf muscle function over the course
of a year. This finding suggests that patient outcomes may
depend on the tendon’s structural status. When we also
consider that tendon thickening is related to current symp-
toms and physical activity levels,7 it seems that measures
of tendon thickening may provide useful insights if col-
lected in future clinical research.

In patients with Achilles tendinopathy, reduced mechan-
ical properties accompany changes in tendon morphol-
ogy.3,6 This reduction in mechanical properties negatively
affects the tendon’s ability to efficiently store and release
elastic energy during locomotor and explosive (eg, jumping)
activities.11,22,23,41 Consequently, mechanical properties
have been proposed as biomarkers for tendon health and
recovery. In the current study, we found that changes in
patient-reported symptoms over a year depended on the
initial estimated shear modulus of the tendon (see Figure 3).
Overall, it appears that symptoms were similar at the ini-
tial assessment regardless of the shear modulus. However,
participants with lower shear modulus at the initial assess-
ment had the greatest improvements in symptoms after 6
months but slightly regressed by 1 year. In contrast, parti-
cipants with higher shear modulus at the initial assess-
ment were the least improved by 6 months but had the
best outcome by 1 year. Taken together, these findings
appear to indicate that a lower initial shear modulus is
associated with a worse long-term prognosis for patients

with Achilles tendinopathy. Further research is needed to
determine whether tendon mechanical properties change
with treatment or whether these measures can help with
making clinical decisions, such as treatment dosages and
return to sport.

Another mechanical property that was estimated in this
study is viscosity, which is a tendon’s rate-dependent resis-
tance to a shearing force when measured with cSWE. Lim-
ited research has investigated tendon viscosity with
elastography because of the technical inability to separate
dampening behaviors from elastic behaviors in vivo. With
the development of cSWE, we are able to reliably estimate
tendon viscosity.9,10 This parameter may have large clinical
implications because it describes the tendon’s ability to
resist strain at different loading rates. In the current study,
we found that lower tendon viscosity initially was associ-
ated with lower heel-rise endurance across all time points.
This suggests that tendon viscosity may be an important
determinant of calf muscle function. However, further
research is needed to better understand how this mechan-
ical behavior relates to function.

Currently, there is no evidence showing that alterations
in tendon morphologic and mechanical properties differ
between individuals with midportion and insertional Achil-
les tendinopathy. Therefore, the original cohort of interest
for this study was all individuals with Achilles tendinopa-
thy. To explore the potential influence of tendinopathy loca-
tion on the associations, we reanalyzed the data stratifying
by location of lesion. For brevity, our discussion is limited to
structural variables that were significant in the entire
cohort. In the stratified analysis, we found that tendon
thickening was significantly associated with VISA-A scores
at each time point for those with insertional Achilles tendi-
nopathy and was nearly significant (P¼ .052) for those with
midportion Achilles tendinopathy. The nonsignificant find-
ing in the case of the midportion tendinopathy subgroup
may be a result of type II error. In addition to tendon thick-
ening, shear modulus significantly moderated the associa-
tion of VISA-A with time in the entire cohort, but this
interaction effect was not significant for either subgroup
independently. Again, this may suggest type II error in the
stratified analysis. For heel-rise endurance, we noted a sig-
nificant association with tendon thickening and viscosity in
the entire cohort. However, in the stratified analysis, it was
revealed that these associations were significant only for
the midportion Achilles tendinopathy subgroup. This find-
ing indicates that the significant association of heel-rise
work with tendon thickening and viscosity found in the
entire cohort may have been greatly influenced by the mid-
portion tendinopathy subgroup and the association may not
exist in patients with insertional Achilles tendinopathy.
Yet, because the statistical model may be underpowered
in the stratified analysis, cautious interpretation is
required. Last, for the 6 individuals with equal midportion
and insertional symptoms, patient-reported symptoms and
calf muscle endurance did not appear to be consistently
better or worse than those found in the stratified cohorts.
More research is needed to confirm the results of the strat-
ified analysis and directly compare individuals with mid-
portion and insertional Achilles tendinopathy.
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Regardless of where the tendon is affected (ie, midportion
or insertional), rehabilitation aims to alleviate symptoms,
improve function, and allow for a safe return to recreational
activities. In many cases, patients and clinicians primarily
focus on symptoms to assess recovery. Although symptoms
are an important part of the clinical picture, a treatment
approach that mainly focuses on symptoms to guide clinical
decisions may partially explain high reinjury rates and
poor long-term outcomes.18,29,34 This may be because symp-
tom resolution does not ensure full structural or functional
recovery.15,37 In the current study, we showed that mea-
sures of tendon structure are associated with the recovery
of patient symptoms and function. Therefore, a comprehen-
sive approach to rehabilitation that takes symptoms, struc-
ture, and function into consideration may ultimately
improve long-term outcomes and provide more realistic
expectations for patients with Achilles tendinopathy.
Before this comprehensive approach to tendon health can
be fully implemented clinically, research is needed to eval-
uate changes in patient symptoms, tendon structure, and
function throughout treatment and to determine whether
certain measures are correlated with failure of nonopera-
tive treatment.

This study has several limitations. One limitation is that
treatment was not controlled or systematically documen-
ted. Conversely, based on information provided at the ini-
tial assessment, it was determined that all participants
except 4 had either seen a medical professional or received
treatment. To confirm that the untreated cases did not sig-
nificantly influence the primary results, we repeated the
analysis after excluding these cases. In this secondary anal-
ysis, all significant associations were maintained, which
suggests that inclusion of the untreated participants did
not affect the results. Another limitation of this study was
including participants regardless of how long they had
experienced symptoms. It can be speculated that the asso-
ciations of tendon morphology and mechanical properties
with symptoms and function may be influenced by a
patient’s duration of symptoms. Therefore, an additional
analysis was performed that stratified the entire cohort
by symptoms longer and shorter than 6 months. Results
from this analysis showed that VISA-A scores are associ-
ated with tendon thickening for individuals with symptoms
for 6 months or less but not for individuals with symptoms
for longer than 6 months. Furthermore, heel-rise work was
associated with tendon viscosity for both subgroups and
tendon thickening for individuals with symptoms for 6
months or less. Collectively, these findings suggest that
tendon thickening may assist with defining a prognosis for
patients with shorter symptoms, although viscosity may be
used regardless of symptom duration. Yet, similar to the
other stratified analyses performed in this study, this anal-
ysis may be underpowered and needs to be confirmed with a
larger sample. The final limitation of this study was the
large number of individuals who either did not complete
the follow-up assessments or did not have a structural eval-
uation. Although the specific reasons for dropping out were
not recorded, we speculate that the high attrition rate may
be due to the lack of treatment or compensation. As for the
15 cases in which structural evaluation was not performed,

the reasons included equipment malfunction, equipment
failure, and poor positioning of the ultrasound probe.
Despite the reduced sample size, it was determined that
characteristics for the eligible participants did not differ
from the participants who were excluded.

CONCLUSION

Initial measures of Achilles tendon thickening are associ-
ated with patient-reported symptoms and calf muscle func-
tion over 1 year in patients with Achilles tendinopathy.
Additionally, the tendon’s initial shear modulus is associ-
ated with symptoms, although viscosity is associated with
calf muscle function. Clinically, this suggests that patients
and clinicians may need to adjust their expectations for
rehabilitation based on the amount of structural degrada-
tion at the beginning of treatment. Future research is
needed to determine whether measures of Achilles tendon
structure can inform decisions regarding treatment and
return to sport.
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