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Integrating Functional Ultrasonography and
Motion Analysis into the Clinical Treatment
of Patients with Achilles Tendon Ruptures

Introduction

Achilles tendon ruptures can lead to elongated
and abnormal tendons that limit patient function'-.
While the links between musculo-tendon
structure and locomotor function have been
well described®®, the effects of altered tendon
properties'®* on muscle remodeling'*"® and
locomotor function resulting from Achilles tendon
injuries remain poorly understood.Animal studies
have shown that muscles rapidly remodel in order
to maintain sarcomere shortening dynamics and
function'*!>, However, the muscular response to
extreme changes in shortening demands imposed
by Achilles tendon injuries have not yet been
described and may provide critical information for
clinical decision making.

Therefore, the purpose of this study was to
establish a framework that can be integrated into
the clinical setting to link muscle remodeling and
functional deficits in patients recovering from
Achilles tendon ruptures. In particular, we aim to
identify clinically relevant benchmarks that will
guide treatment and better manage expectations.
This case presents a framework that is currently
being implemented in a prospective patient
registry to rigorously characterize the muscle
remodeling response to Achilles tendon injuries
and establish clinical benchmarks for patient
success.

Methods

A 27-year old male (1.83 m and 84 kg)
presented 2.5 years following an acute Achilles
tendon rupture that was surgically repaired by
another provider using an open repair technique
within 1 week of the initial injury. He had a
poor outcome that was confirmed by a clinical
outcome score (ATRS score of 49)'° evaluation
by a fellowship-trained foot and ankle surgeon,
and an inability to perform a single-leg heel
raise.This functional assessment is part of an IRB
approved research registry.

Plantarflexor architecture was measured
under ultrasonography®® and muscle remodeling
was quantified by contrasting the medial
gastrocnemius muscles of the affected and
unaffected sides. Muscle thickness as well as
fascicle length and pennation were quantified by
identifying the superficial and deep aponeuroses
and clearly identifiable fascicles®”.

Plantarflexor function was assessed through a
battery of tests that included isometric strength
testing, walking, and single-leg heel raise.
During these activities, the ultrasonography
probe acquired images synchronously with
motion capture, dynamometer, and force plate
data'’recording of the electrical activity of
the muscle, measurement of knee- and ankle-
joint rotations, and measurement of ground
reaction forces in six men during walking
at 3 km h(-1. Plantarflexion motion, torque,
and power along with fascicle shortening
dynamics were calculated to establish the link
between muscular and patient function. Fascicle
shortening dynamics were quantified using an
automated tracking routine utilizing MATLAB’s
Computer Vision System Toolbox.

Results

Plantarflexor muscle architecture of the
affected limb was comprised of shorter and
more pennated muscle fascicles as well as a
muscle belly that was less thick compared
to the unaffected side (Table 1). The resting
fascicle length shortened by nearly 60% and
demonstrated a 3-fold increase in pennation.
Muscle belly thickness also decreased by one-
quarter of the unaffected side.

Patient function measurements demonstrated
varying degrees of sensitivity to the underlying
skeletal muscle adaptations (Table 2). The
affected limb demonstrated a 47% decrease in
active plantarflexion torque while the fascicles
on each limb went through similar amounts of
relative shortening. Walking at a self-selected
speed did not elicit any functional differences
between the affected and unaffected sides.
Single-leg heel raises were highly sensitive to
deficiencies in muscle architecture, both at the

Table 1. Architectural parameters of the medial
gastrocnemius muscle of the affected side
(surgically repaired tendon) and unaffected

(healthy) sides.

Affected Unaffected %change
Pennation 34° 13° 162%
Length 4.6cm 11.2cm -59%
Thickness 2.2cm 2.9cm -24%
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Table 2: Plantarflexion biomechanics and fascicle shortening
during isometric contractions, walking, and single-leg heel
raise. (,) denotes nominal differences between groups.

Affected Unaffected % Change
Torque 70 Nm 133 Nm —47%
Shortening 41% 46% —

(1.9¢cm) (5.1cm) (—63%)
Plantarflexion 16° 15° ~
Torque 160 Nm 156 Nm ~
Shortening <1cm <1cm ~
Plantarflexion 12° 40° —70%
Torque 140 Nm 140 Nm ~
Power 100W 260 W —62%
Shortening 1.0 cm 5.4 cm —81%

patient-function level (70% decrease in plantarflexion motion
and 62% decrease in plantarflexion power) and at the muscle-
level (80% decrease in muscle shortening).

Discussion

This study introduces a framework that rigorously quantifies
muscle remodeling in response to Achilles tendon injuries—
establishing a means to prospectively study the implications
of injury and treatments on lower extremity function.
Despite the clinical understanding that patients recovering
from Achilles tendon ruptures may have elongated tendons
with intrinsic differences from a normal, never ruptured
tendon resulting in reduced function!, there has not yet
been prospective research that characterizes the effects of
tendon injury on plantarflexor muscle remodeling and patient
function. Establishing this relationship will provide clinicians
with a greater ability to plan treatment based on patient
factors—Ileading to improved function and outcomes.

Our central hypothesis that tendon elongation and intrinsic
abnormalities resulting from tendon injuries and treatment
will elicit rapid muscle remodeling—which we propose as
a mechanism of maintaining tendon tension (Figure 1)—will
be tested in a large-prospective cohort using this framework.
Initial testing is underway to identify measures of tendon,
muscle, and patient function that are most sensitive to
changes in patient outcomes and status in order to streamline
this framework in order to implement it into clinical settings.
Simple musculoskeletal models*#'® may also be informed by
patient data as part of this prospective framework in order
to predict patient function using cost-effective measures of
musculoskeletal structure as model inputs.

This research framework is not without limitations.
Prospective-functional registries are logistically challenging
due to patient attrition and time constraints. In order to
minimize these concerns, our methodology will collect
a minimal amount of standardized information from all
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Figure 1. Achilles tendon elongation following repair, which appears to elicit muscle
remodeling in order to maintain resting tendon tension. This muscle remodeling reduced
muscle shortening and function in this study.

patients being treated for Achilles tendon pathology. Clinical
experience suggests that other foot and ankle pathologies may
result from compromised plantarflexor function following
Achilles tendon rupture. For example, posterior tibialis tendon
insufficiency—commonly referred to as flatfoot deformity—
may result from increased mechanical demands placed on
smaller muscles neighboring the triceps surae group, which
was observed in this current case. Smaller muscles of the
posterior compartment remodel in response to tendon
injury and treatment'*'® as a compensatory mechanism to
preserve some amount of foot function'. To account for
these compensatory changes in nearby muscles, we will
acquire cross-sectional ultrasonography images of posterior
compartment muscles®.

Conclusions

We propose a framework for prospectively quantifying
plantarflexor function and structure in patients treated
for Achilles tendon ruptures. Current work is focused on
streamlining this framework using low-cost measurement
equipment in order to integrate these tests into the clinical
setting. Characterizing the interaction between tendon
structure and elongation, muscle remodeling, and functional
limitations will aid clinicians in managing patient expectations,
prescribing rehabilitation, and intervening in patients at risk
of becoming functionally limited.

References

1. Silbernagel KG, Steele R, Manal K. Deficits in Heel-Rise Height and Achilles Tendon
Elongation Occur in Patients Recovering From an Achilles Tendon Rupture. Am J Sports Med.
2012;40(7):1564-71.

2. Mortensen HM, Skov 0, Jensen PE. Early motion of the ankle after operative treatment of a
rupture of the Achilles tendon. A prospective, randomized clinical and radiographic study. J Bone
Joint Surg Am. 1999;81:983-90.

3. Mortensen NHM, Saether J, Steinke MS, Staehr H, Mikkelsen SS. Seperation of tendon
ends after Achillse tendon repair: a prospective, randomized, multicenter study. Orthopedics
[Internet]. SLACK Incorporated; 1992 Aug 1 [cited 2016 May 19];15(8):893-903. Available from:
http://www.healio.com/orthopedics/journals/ortho/1992-8-15-8/%7B038f2da4-68fe-4670-
bf18-db812dbe 18aa%7D/separation-of-tendon-ends-after-achilles-tendon-repair-a-prospective-
randomized-multicenter-study

VOLUME 27, JUNE 2017



26 BAXTER ET AL

4. Kangas J, Pajala A, Ohtonen P, Leppilahti J. Achilles Tendon Elongation After Rupture
Repair. A Randomized Comparison of 2 Postoperative Regimens. Am J Sports Med [Internet].
2006;35(1):59-64. Available from: http://ajs.sagepub.com/lookup/doi/10.1177/0363546506293255
5. Baxter JR, Novack T a., Van Werkhoven H, Pennell DR, Piazza SJ. Ankle joint mechanics
and foot proportions differ between human sprinters and non-sprinters. Proc R Soc B Biol Sci.
2012;279(1735):2018-24.

6. Baxter JR, Piazza SJ. Plantar flexor moment arm and muscle volume predict torque-generating
capacity in young men. J Appl Physiol [Internet]. 2014;116(5):538—44. Available from: http://www.
ncbi.nim.nih.gov/pubmed/24371016

1.Lee SSM, Piazza SJ. Correlation between plantarflexor moment arm and preferred gait velocity
in slower elderly men. J Biomech [Internet]. Elsevier; 2012;45(9):1601-6. Available from: http://
dx.doi.org/10.1016/j.jbiomech.2012.04.005

8. Lee SSM, Piazza SJ. Built for speed: musculoskeletal structure and sprinting ability. J Exp
Biol [Internet]. 2009;212(22):3700~7. Available from: http://jeb.biologists.org/cgi/doi/10.1242/
jeb.031096

9. Abe T, Fukashiro S, Harada Y, Kawamoto K. Relationship between sprint performance and
muscle fascicle length in female sprinters. J Physiol Anthropol Appl Human Sci. 2001;20:141-7.
10. Agres AN, Duda GN, Gehlen TJ, Arampatzis A, Taylor WR, Manegold S. Increased
unilateral tendon stiffness and its effect on gait 2-6 years after Achilles tendon rupture. Scand J
Med Sci Sport. 2015;25(6):860-7.

11. Schepull T, Kvist J, Andersson C, Aspenberg P. Mechanical properties during healing of
Achilles tendon ruptures to predict final outcome: a pilot Roentgen stereophotogrammetric analysis
in 10 patients. BMC Musculoskelet Disord. 2007;8:116.

12. Hahn F, Meyer P, Maiwald C, Zanetti M, Vienne P. Treatment of chronic achilles
tendinopathy and ruptures with flexor hallucis tendon transfer: clinical outcome and MRI findings.
Foot ankle Int / Am Orthop Foot Ankle Soc [and] Swiss Foot Ankle Soc. 2008;29(8):794-802.

13. Oksanen MM, Haapasalo HH, Elo PP, Laine H-J. Hypertrophy of the flexor hallucis longus
muscle after tendon transfer in patients with chronic Achilles tendon rupture. Foot Ankle Surg
[Internet]. European Foot and Ankle Society, 2014;20(4):253-7. Available from: http://dx.doi.
0rg/10.1016/].fas.2014.06.003

14. Koh TJ, Herzog W. Increasing the moment arm of the tibialis anterior induces structural and
functional adaptations : implication for tendon transfer. J Biomech [Internet]. 1998;31(7):593-9.
Available from: pdf KD

15. Burkholder TJ, Lieber RL. Sarcomere number adaptation after retinaculum transection in
adult mice. J Exp Biol. 1998;201(Pt 3):309-16.

16. Nilsson-Helander K, Thomeé R, Silbernagel KG, Thomeé P, Faxén E, Eriksson B, et al.
The Achilles tendon Total Rupture Score (ATRS): development and validation. Am J Sports Med.
2007;35(3):421-6.

17. Fukunaga T, Kubo K, Kawakami Y, Fukashiro S, Kanehisa H, Maganaris CN. In vivo
behaviour of human muscle tendon during walking. Proc Bio/ Sci. 2001;268(1464):229-33.

18. van Werkhoven H, Piazza SJ. Computational model of maximal-height single-joint jumping
predicts bouncing as an optimal strategy. J Biomech [Internet]. Elsevier; 2013;46(6):1092-7.
Available from: http://www.sciencedirect.com/science/article/pii/S0021929013000572

19. Hunt KJ, Cohen BE, Davis WH, Anderson RB, Jones CP. Surgical Treatment of Insertional
Achilles Tendinopathy With or Without Flexor Hallucis Longus Tendon Transfer: A Prospective,
Randomized Study. Foot Ankle Int [Internet]. 2015;36(9):998-1005. Available from: http://fai.
sagepub.com/lookup/doi/10.1177/1071100715586182

20. Crofts G, Angin S, Mickle KJ, Hill S, Nester CJ. Reliability of ultrasound for measurement
of selected foot structures. Gait Posture [Internet]. Elsevier B.V.; 2014;39(1):35-9. Available from:
http://dx.doi.org/10.1016/}.gaitpost.2013.05.022

UNIVERSITY OF PENNSYLVANIA ORTHOPAEDIC JOURNAL





