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Achilles tendon ruptures have been linked with detrimental changes in muscle-tendon structure, which
may help explain long-term functional deficits. However, the causal effects of muscle-tendon structure
on joint function have not been tested in a controlled setting. Therefore, the purpose of this study was
to test the implications of muscle-tendon unit parameters on simulated single-leg heel raise height.
We hypothesized that muscle fiber length and resting ankle angle - a clinical surrogate measure of ten-
don slack length — would predict single-leg heel raise height more strongly than other parameters. To test
this hypothesis, we developed a two-part simulation paradigm that recreated clinically relevant muscle-
tendon scenarios and then tested these parameters on single-leg heel raise height. We found that longer
muscle fibers had the greatest positive effect on single-leg heel raise height. However, tendon slack
length, determined by simulating resting ankle angles in a secondary analysis, revealed a stronger neg-
ative correlation with heel raise height. Our findings support previous clinical observations that both
muscle fascicle length and resting tendon length are important muscle-tendon parameters for patient
function. In addition to minimizing tendon elongation following rupture, treatment plans should focus
on preserving plantarflexor muscle structure to mitigate functional loses following Achilles tendon

ruptures.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Long-term functional deficits during running and jumping are
associated with single-leg heel raise height following Achilles ten-
don ruptures (Brorsson et al.,, 2017). Improvements in rehabilita-
tion protocols have helped reduced re-rupture rates to under 5%,
regardless of whether the injury is treated surgically or conserva-
tively (Willits et al., 2010). Despite these improvements in long-
term tendon integrity, one-in-five patients do not return to the
same activities they enjoyed prior to the injury (Zellers et al.,
2016). Failure to achieve short-term functional goals are predictive
of long-term plantarflexor strength and endurance deficits
(Brorsson et al., 2017), which persist at least seven years following
the initial injury (Brorsson et al., 2018). Despite these documented
functional deficits, little is known about how muscle-tendon struc-
ture dictates function in this patient population. While muscle fas-
cicle remodeling (Baxter et al, 2018) and tendon elongation
(Silbernagel et al.,, 2012) have been proposed as mechanisms
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responsible for functional deficits during clinically relevant activi-
ties, the relationship between muscle-tendon structure and clinical
function is not well understood.

Single-leg heel raise height is a key clinical benchmark for gaug-
ing patient function following Achilles tendon ruptures (Olsson
et al.,, 2014) and return to activity (Toyooka et al., 2017). Despite
being a simple sub-maximal activity for healthy adults, the
single-leg heel raise stresses the plantarflexors of patients recover-
ing from an Achilles tendon rupture. Deficits in heel rise height
strongly correlate with tendon elongation, clinically defined as an
increase in resting tendon length compared to the contralateral
tendon, over the first year following tendon rupture (Silbernagel
et al., 2012). These changes are likely permanent (Brorsson et al.,
2018). Muscle remodeling following acute Achilles tendon rup-
tures (Baxter et al., 2018) and decreased resting ankle plantarflex-
ion angle (Zellers et al., 2018) suggest that permanent changes to
muscle-tendon unit (MTU) structure governs functional outcomes.
Further, this proposed mechanism is supported by similar changes
in muscle structure induced by joint immobilization (Williams and
Goldspink, 1978) and changes in tendon excursion during muscle
shortening (Koh and Herzog, 1998).
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Simple computational models can simulate how small devia-
tions in plantarflexor MTU parameters directly affect ankle func-
tion during locomotion. Muscle fascicle length, pennation angle,
and peak isometric force are critical parameters that are linked
with muscle power (Baxter et al.,, 2012; Lee and Piazza, 2009;
Lichtwark and Wilson, 2008; Scovil and Ronsky, 2006). Similarly,
tendon stiffness and slack length impacts the shortening demands
of the plantarflexor muscles and impacts movement efficiency
(Lichtwark and Wilson, 2008; Orselli et al., 2017; Uchida et al,,
2016). Achilles tendon slack length is difficult to measure in vivo,
but quantifying resting ankle angle has proven to be an effective
surrogate measurement (Hansen et al., 2017; Zellers et al., 2018).
While the effects of MTU parameters on walking biomechanics
have been studied in great detail (Baxter and Hast, 2019;
Carbone et al., 2016; Lichtwark and Wilson, 2008; Xiao and
Higginson, 2010), the multi-factorial implications of MTU parame-
ters on single-leg heel raise performance are poorly understood.

The purpose of this study was to characterize the effects of
plantarflexor MTU parameters on single-leg heel raise height. We
hypothesized that single-leg heel raise performance would be
strongly and positively influenced by both (1) optimal fiber length
- the muscle length at which peak isometric force is generated -
and (2) resting plantarflexion ankle angle - a clinical surrogate
for resting tendon length (Hansen et al., 2017; Zellers et al.,
2018). This hypothesis was supported by previous observations
of shorter muscle fascicles (Baxter et al., 2018), longer tendons
(Silbernagel et al., 2012), and reduced plantarflexion ankle angles
at rest (Zellers et al., 2018) in patients who suffered Achilles ten-
don ruptures. Because the single-leg heel raise is a sub-maximal
activity for individuals without plantarflexor pathology, we further
hypothesized that peak isometric muscle force would have less
impact on single-leg heel raise height than other MTU parameters
that directly govern total muscle shortening. To test our hypothe-
ses, we developed a simple musculoskeletal model that simulated
a single-leg heel raise. We systematically changed five clinically-
relevant MTU parameters in the musculoskeletal model to estab-
lish their effects on single-leg heel raise height: optimal fiber
length, resting ankle angle, pennation angle, peak isometric muscle
force, and tendon stiffness.

2. Materials and methods
2.1. Simulation framework

Single-leg heel raises were simulated by systematically adjust-
ing the following MTU parameters of the right plantarflexor mus-
cles (Fig. 1): optimal muscle fiber lengths, pennation angles,
maximum isometric forces, resting ankle angles, and Achilles ten-
don stiffness values. To do this, we implemented a two-part simu-
lation paradigm. First, we positioned the model prone and
calculated the tendon slack lengths of the MTUs spanning the ankle
to achieve static equilibrium with the desired MTU parameters.
Second, we stood the model upright on one leg and used the vari-
able MTU parameters and tendon slack lengths in a series of for-
ward dynamic simulations to determine peak plantarflexion
during a single-leg heel raise.

We modified an open-source musculoskeletal model (gait10-
musc18dof) to test the isolated effects of the muscles that crossed
the right ankle (Delp et al., 2007). The ankle was modeled as a pin-
joint that was flexed by a single dorsiflexor muscle, the tibialis
anterior, and extended by two plantarflexor muscles, the soleus
and gastrocnemius muscles. The soleus muscle is a uniarticular
plantarflexor while the gastrocnemius is biarticular that plan-
tarflexes the ankle as well as flexes the knee. In this set of simula-
tions, we constrained the knee to be fully extended. We modeled

these muscles as Hill-type muscle bundles, which included a con-
tractile muscle element in series with an elastic tendon-like ele-
ment (Fig. 1C) (Millard et al., 2013). Optimal fiber lengths,
pennation angles at optimal fiber length, maximal isometric mus-
cle forces, and tendon stiffness parameters were scaled in 10%
increments from 50% to 150% of the default model values
(Fig. 1A). Resting ankle angle varied from 20° plantarflexion to neu-
tral position in 2° increments. In total, this parameterization study
tested 161,051 combinations of optimal fiber length, pennation
angle, maximal isometric force, ankle resting angle, and Achilles
tendon stiffness values. Default values for optimal fiber lengths,
pennation angles, and maximal isometric muscle forces were
adopted from a large cadaveric investigation of architectural prop-
erties of lower extremity muscles (Ward et al., 2009), which has
been implemented in a similar musculoskeletal model (Arnold
et al,, 2010). The ranges in which these MTU parameters changed
were based on previous reports of MTU ranges in both healthy
and pathologic populations (Agres et al., 2015; Arya and Kulig,
2010; Baxter et al., 2018; Zellers et al., 2018).

2.2. Slack length tuning - resting ankle angle

In order to recreate clinically relevant ankle postures, we calcu-
lated the tendon slack lengths of each ankle muscle to simulate the
resting ankle angle for each MTU parameter combination
(Fig. 1A/D). To do this, we performed the computational analog
of instructing the patient to lay prone on a treatment table with
the foot and ankle freely hanging at a ‘resting angle’ (Zellers
et al.,, 2018). First, the entire model was rotated 90° to simulate
the subject resting in the prone position. The optimal muscle fiber
lengths, pennation angles, maximal isometric forces, and tendon
stiffness values were updated to the MTU parameters for each
specific simulation iteration. Second, the ankle angle was set to
the desired resting position between 0 and 20° of plantarflexion.
Third, the plantarflexor muscle activations were set to 1%, and
the dorsiflexor muscle activations were set between 1.5 and 4%.
These increased dorsiflexor activation values were selected to bal-
ance the plantarflexor muscles, which had a combined maximal
force capability of approximately 1.5-4 times that of the dorsi-
flexor. This was done to achieve ankle equilibrium near the desired
resting ankle angle while also maintaining optimal fiber length.
Finally, the slack lengths of the plantarflexor and dorsiflexor mus-
cles were iteratively adjusted to minimize a cost function (Eq. (1))
consisting of (1) ankle joint torques and (2) differences between
optimal fiber lengths and simulated fiber lengths. Ankle joint tor-
que was calculated as a function of MTU forces and moment arms
of both the plantar- and dorsiflexors. The ankle joint moment cre-
ated by the weight of the foot segment was also included. The dif-
ference between resting muscle-fiber lengths and the prescribed
optimal muscle-fiber lengths were minimized to recreate muscle
parameters that are measured experimentally using ultrasonogra-
phy (Baxter and Piazza, 2014). This cost function (Eq. (1)) was eval-
uated using a gradient-based optimization approach (fsolve,
MATLAB, The Mathworks, Natick, MA).

npf (isomaxys — — _ N R N
minimize i=1 (isomaxpf> X | T1aX FTA + rfoot X Ffoot+ rpﬁ X Fpﬁ‘
nmusc
i=1 “ﬁberi - loptimali|
(1)
N
where qusc(lsluck)
lﬁber (lslack)

where leendon — Slack length, r - distance from force to ankle joint,
F - force of MTU or foot segment, pf — plantarflexor muscles
(gastrocnemius, soleus), TA - tibialis anterior, and musc - all
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Fig. 1. A sensitivity analysis was performed to study the effects of each muscle tendon unit (MTU) parameter on a simulated single-leg heel raise. For each test iteration (A),
the MTU parameters were set (B), tendon slack lengths were changed to achieve ankle static equilibrium at the desired resting ankle angle (C), and the single-leg heel raise

was simulated (D).

muscles (gastrocnemius, soleus, tibialis anterior), and Fpusc and
Laber Were both functions of tendon slack length (Igjaci)-

In order to confirm that these optimized tendon slack lengths
produced the desired resting ankle angles, we performed forward
simulations for each parameterized model. To do this, the pelvis
and all joints except for the right ankle were locked to prevent
undesired motions. Plantarflexor activations were held at 1% max-
imal contraction, while dorsiflexor activation matched the calcu-
lated activations for each MTU permutation. Each condition was
simulated forward in time for 5 s to ensure ankle angular velocity
was zero. To confirm that the resting angle was not dependent on
the starting position of the simulation, each model configuration
was tested at initial positions that were offset from the desired rest-
ing ankle angle by 10° plantarflexion and 10° dorsiflexion. These
simulations (N =322,102) always converged on the same resting
ankle angle for the same condition (root mean square error: 0.15°).

2.3. Forward simulation - single-leg heel raise

We simulated single-leg heel-raises using the simplified mus-
culoskeletal model to test the implications of MTU parameters on
heel-raise height for the 161,051 test permutations (Fig. 1).
Because patients typically use the assistance of a wall to maintain
their balance during clinical tests, we applied motion constraints to
the model to mimic the clinical environment and eliminate the
need for a control algorithm. The right metatarsophalangeal joint
was constrained with the ground using two point constraints in
order to limit foot motion with the ground along a foot-fixed
medial-lateral axis. The sternum was constrained to move the cen-
ter of gravity of the torso along a vertical axis as a means to ensure
the model was in an upright posture during the simulated heel-
raise. The joints of the left leg, lumbar, and right knee and hip were
‘locked’ but allowed to move in small amounts (<0.1°) to satisfy the
kinematic constraints of the model. The knee was locked into full
extension throughout all simulations, effectively converting the
gastrocnemius muscle to a uniarticular muscle. Nonetheless, both
plantarflexors were included because of the functional differences
in MTU parameters (Arnold and Delp, 2011) and shortening
dynamics during plantarflexion contractions (Franz and Thelen,
2016; Miaki et al., 1999).

To determine the maximal ankle plantarflexion that could be
achieved based on the MTU parameters, we performed forward
dynamic simulations of the single-leg heel raise. Although the
single-leg heel raise is a submaximal activity for most healthy
adults, we decided to maximally excite the plantarflexors in these
simulations because two-thirds of patients with Achilles tendon
ruptures show deficits in heel raise height (Brorsson et al., 2017).
The tibialis anterior muscle was set to 1% of maximal contraction.
Each model was simulated for 1 s forward in time. These simula-
tions of single-leg heel raises had a ceiling effect, where some
MTU parameters extended the ankle past 75°, which would result
in the model jumping. Although the physiologic range of the ankle
joint under load is less than 75° (Lindsjo et al., 1985), we allowed
this motion in the model to raise the ceiling of the simulated task.

To determine how sensitive single-leg heel raise tests are to
muscle-tendon parameters, we used a multivariate linear regres-
sion model (fitlm, MATLAB) to quantify the effect a 1% change in
each of the MTU parameters. We decided to utilize peak plan-
tarflexion angle as our performance criterion rather than heel or
pelvic vertical displacement. This measure provides more straight-
forward translation to the clinic, as it does not depend on stature or
foot length. To provide additional clinical relevance to this regres-
sion model, we normalized changes to resting ankle angle by the
physiologic range of 0-20° plantarflexion. For example, changing
the resting ankle angle by 2° was effectively a 10% change in the
model.

To further test our hypothesis that tendon length is a primary
driver of single-leg heel raise height, we plotted peak ankle angle
as a function of tendon slack length for both plantarflexor muscles
and performed univariate linear regressions. These plots were
visualized as heat maps showing how frequently each isolated
MTU parameter produced each possible plantarflexion value.
Because certain combinations of MTU parameters resulted in no
plantarflexion or plantarflexion greater than 75°, we included addi-
tional visualizations to demonstrate the frequencies of those sim-
ulation results. Since each plantarflexor muscle had unique
tendon slack lengths for each simulation, separate linear regres-
sions were performed for the gastrocnemius and soleus muscles
and each tendon slack length was normalized by the range of
simulation slack lengths in this study. Tendon slack lengths were
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normalized by the simulated range for each plantarflexor MTU. The
ability to perform a complete single-leg heel raise is a clinical test
for patient function following Achilles tendon injuries (Toyooka
et al., 2017). Therefore, we also calculated the effects of MTU
parameters on the ability to complete a single-leg heel raise.

3. Results

Peak ankle angle during simulated single-leg heel raises was
positively affected by optimal fiber length (Table 1, Fig. 2). Despite
having no effect on absolute muscle strength, optimal fiber length
had a 2.5 times greater effect on heel raise height compared to
peak isometric force of the plantarflexor muscles. Muscle penna-
tion and tendon stiffness had the smallest effects on peak ankle
angle during the simulated heel raise (0.08° for a 1% change in pen-
nation and 0.03° for a 1% change in stiffness). Eight percent of sim-
ulations fully extended the ankle, which would have resulted in the
foot leaving the ground (Fig. 2 top panel). Conversely, one percent
of simulations were unable to generate any active plantarflexion.

Tendon slack length was the strongest predictor of peak ankle
angle, which was negatively correlated with peak plantarflexion
angle (Table 1, Fig. 3). The gastrocnemius slack length ranged from
0.9 to 1.1 and the soleus tendon slack length ranged from 0.85 to
1.13 times their default lengths. When controlling for these simu-
lated ranges of tendon slack length, a one percent change in the
gastrocnemius and soleus tendon slack lengths resulted in 0.76
and 0.81° decrease in peak ankle angle, respectively (Table 1). Gas-
trocnemius and soleus tendon slack lengths each explained
approximately two-thirds of the variability in peak ankle plan-
tarflexion (R? = 0.70 and 0.67, respectively).

Table 1
Effect of 1% change of MTU parameters on ankle angle
during simulated single-leg heel raise.

1% A MTU parameters — A in peak 0anxie

Multivariate linear regression model

Optimal fiber length 0.49°
Resting ankle angle 0.31°
Peak isometric force 0.20°
Muscle pennation 0.08°
Tendon stiffness —0.03°

Univariate linear regression model
Gastroc. tendon slack length
Soleus tendon slack length

—0.76°
—0.81°
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Fig. 3. Peak ankle angle during simulated single-leg heel raises (top panel) were
sensitive to small changes in tendon slack length (normalized by default slack
length). Shorter slack lengths resulted in greater peak ankle angles while longer
slack lengths resulted in smaller ankle plantarflexion (bottom panel). Some
simulations (bottom panel) resulted in the model plantarflexing past a physiologic
range (>75°) or generating no ankle plantarflexion at all (0°).

Two-thirds of the MTU combinations resulted in simulations
that did not produce 45° of plantarflexion (Fig. 4). Sixty-three per-
cent of simulations produced at least 30° of plantarflexion while
only eight percent of simulations produced less than 15° of peak
plantarflexion. Longer optimal muscle fibers and shorter tendons
were most common in simulations that generated at least 30° of
peak plantarflexion. Conversely, simulations that were unable to
produce at least 15° of plantarflexion had shorter muscle fibers
that acted on longer tendons.

4. Discussion

Achilles tendon ruptures elicit structural and functional
changes to the plantarflexor MTU (Agres et al., 2015; Baxter
et al., 2018; Silbernagel et al., 2012) that may explain long-term
function deficits (Brorsson et al., 2018). However, the effects of
these MTU parameters on clinical function have not yet been
defined. Therefore, the purpose of this study was to test our
hypothesis that shorter muscle fibers and a decreased resting ankle
angle would lead to compromised heel-raise performance. Using a
simple musculoskeletal model, we simulated the effects of five
parameters that dictate musculo-tendinous function: optimal fiber
length, fiber pennation angle, peak isometric force, tendon

Fiber pennation Tendon stiffness
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Fig. 2. Peak ankle angle during simulated single-leg heel raises (top panel) were affected by muscle-tendon unit (MTU) parameters (in decreasing order from left to right, see
Table 1 for effects of 1% changes in MTU parameters on peak plantarflexion angle during single-leg heel raise): optimal fiber length, resting ankle angle, maximum muscle
force, muscle pennation, and tendon stiffness. Heat maps visualize how changes to each MTU parameter affected peak plantarflexion during simulated heel-raises
(N=161,051). Some simulations (bottom panel) resulted in the model plantarflexing past a physiologic range (>75°) or generating no ankle plantarflexion at all (0°).
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Fig. 4. Two-thirds of muscle-tendon unit (MTU) combinations resulted in single-leg heel raises that did not achieve at least 45° of peak ankle plantarflexion. Optimal fiber and
tendon slack lengths were the strongest predictors of peak ankle angle. Longer muscle fibers paired with shorter tendons increased single-leg heel raise function.

stiffness, and tendon slack length - the latter being calculated
using a novel MTU tuning algorithm in order to achieve clinically
relevant resting ankle angles (Zellers et al., 2018). Our simulation
results supported our hypothesis that optimal fiber length and
resting ankle angle - the two key factors that dictate the length
of the MTU - were the primary determinants of single-leg heel
raise height.

The simulation results presented in this study compare favor-
ably with other musculoskeletal simulations of plantarflexion con-
tractions as well as physical measurements of patients with
Achilles tendon ruptures. Our results suggest that optimal fiber
length is a strong predictor of heel raise height, which agrees with
other concentric plantarflexion simulations. For example, previous
ultrasound measurements in patients have revealed reduced rest-
ing gastrocnemius fascicle length (Baxter et al., 2018; Hullfish
et al., 2018; Peng et al., 2017) that may lead to permanent muscle
remodeling and functional deficits (Baxter et al., 2018). We also
found that tendon elongation — modeled as increased tendon slack
lengths - negatively affects the model’s capacity to generate large
angle plantarflexion angles (Fig. 3). These findings strongly agree
with a previous clinical study that suggests that tendon elongation
causes nearly two-thirds of functional deficits in patients perform-
ing single-leg heel raises (Silbernagel et al., 2012). Our simulation
findings suggest that tendon elongation coupled with shorter opti-
mal fiber lengths place functional constraints and limit ankle angle
excursion (Fig. 4). In contrast to ultrasound findings that muscle
pennation increases following Achilles tendon ruptures (Hullfish
et al., 2018), our current findings that peak plantarflexion angle
during a heel-raise was not sensitive to pennation angle suggests
that muscle pennation angle has nominal effects on heel-raise
height. Based on our current findings and past observations that
decreased fascicle length is coupled with increased pennation
(Baxter et al., 2018), we posit that increases in muscle pennation
following rupture are geometric responses to muscle unloading
following rupture with smaller impacts on function compared to
reduced fascicle length. Additionally, while our preliminary find-

ings suggest that pennation is increased immediately following
rupture (Hullfish et al., 2018), long-term muscle pennation appears
to revert back to normal values when compared to the contralat-
eral side while fascicle length reductions (Peng et al., 2017) and
functional deficits (Brorsson et al., 2018) persist.

Maintaining muscle fiber length while minimizing tendon elon-
gation should be a primary goal when treating acute Achilles ten-
don ruptures. Limited patient function has been linked to shorter
and more pennate plantarflexor muscles (Baxter et al., 2018) and
elongated tendon (Silbernagel et al., 2012). Although surgically
repairing the rupture restores resting tendon length, fluoroscopic
studies have demonstrated that the rupture site tends to retract
and lead to tendon elongation following the first two months of
surgery (Kangas et al., 2007; Mortensen et al., 1999, 1992). Early
ankle motion prescribed immediately following surgical repair
decreases the magnitude of tendon elongation compared to 6-
weeks of immobilization in a plaster cast (Kangas et al., 2007). Sur-
gical repair also may provide improved long-term plantarflexion
power compared to non-surgical treatment of Achilles tendon rup-
tures (Willits et al., 2010). However, the link between surgical
repair and improved patient function is tenuous (Brorsson et al.,
2018), and tendon elongation appears to be a primary predictor
of patient function (Pajala et al., 2009; Silbernagel et al., 2012).
Findings from a small animal model have shown that surgically
shortening tendon length stimulates muscle remodeling that
results in larger, longer, and more powerful skeletal muscle
(Krochmal et al., 2008). Although this prior report highlights the
plasticity of skeletal muscle, similar findings in patient populations
have not been reported.

This study was affected by several limitations. The muscu-
loskeletal model was a simplified representation of the compli-
cated plantarflexor mechanism. Other factors such as
plantarflexor moment arm (Baxter and Piazza, 2014), muscle com-
position (Trappe et al., 2015), and foot length (van Werkhoven and
Piazza, 2017) affect plantarflexor function but were excluded in
this study. Instead, the goal of this study was to focus on MTU



32 J.R. Baxter et al./Journal of Biomechanics 86 (2019) 27-33

parameters that are documented to change in response to Achilles
tendon ruptures (Agres et al., 2015; Baxter et al., 2018; Silbernagel
et al., 2012). The plantarflexors were represented by a single gas-
trocnemius MTU and a soleus MTU (Fig. 1). Other muscles that
cross behind the ankle joint have been documented to change their
structure following Achilles tendon injuries (Hahn et al., 2008).
These muscles were excluded from this study because they have
limited mechanical advantages and force generating capabilities
in comparison to the primary plantarflexors. The muscle model
did not account for differences in muscle volume or thickness,
which may have an affect mechanical advantage (Maganaris
et al.,, 1998) and muscle gearing during maximal contractions
(Azizi et al., 2008). Finally, it should be noted that the gastrocne-
mius and soleus muscles begin to carry load at different resting
ankle angles (Hirata et al., 2015). However, we made the assump-
tion that the slack lengths of both muscles are similar after the rup-
tured Achilles tendon heals.

In conclusion, we simulated the effects of plantarflexor MTU
parameters on a single-leg heel raise, a common clinical test of
patient function. These simulations revealed optimal fiber length
and resting ankle angle (a surrogate for tendon slack length) both
had greater effects on peak ankle angle during the heel raise than
muscle strength. Traditional rehabilitation plans for acute Achilles
tendon ruptures typically focus on strengthening the plantarflexor
muscles. Results from this study suggest that minimization of ten-
don elongation and reductions in muscle fascicle length should
also be considered in post-injury care.
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