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Abstract

The purpose of this study was to investigate age-related differences in Achilles tendon loading
during gait. Fourteen young (7F/7M, 26 + 5 years) and older (7F/7M, 67 + 5 years) adults without
current neurological or orthopaedic impairment participated. Shear wave tensiometry was used to
measure tendon stress by tracking Achilles tendon wave speed. The wave speed-stress relationship
was calibrated using simultaneous tensiometer and force plate measures during a standing sway
task. Tendon stress was computed from the force plate measures using subject-specific ultrasound
measures of tendon moment arm and cross-sectional area. All subjects exhibited a highly linear
relationship between wave speed squared and tendon stress (mean R2>0.9), with no significant
age-group differences in tensiometer calibration parameters. Tendon wave speed was monitored
during treadmill walking at four speeds (0.75, 1.00, 1.25, and 1.50 m/s) and used to compute the
stress transmitted by the tendon. Relative to young adults, older adults exhibited 22% lower peak
tendon wave speeds. Peak tendon stress during push-off in older adults (24.8 MPa) was 32% less
than in the young adults (36.7 MPa) (p=0.01). There was a moderate enhancement (+11%) in
peak tendon stress across both groups when increasing speed from 0.75 to 1.50 m/s (main effect of
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speed, p=0.01). Peak tendon loading during late swing did not differ between age groups (mean
3.8 MPa in young and 4.2 MPa in older adults). These age-related alterations in tendon tissue
loading affect the mechanobiological stimuli underlying tissue remodeling, and thereby may alter
the propensity for tendon injury and disease.
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1. Introduction

The triceps surae are critical for modulating speed during walking, contributing to both
forward propulsion and vertical support of the body during push-off [1]. Thus, it’s not
surprising that diminished walking speed with aging is associated with reduced plantarflexor
output [2-7]. However, even when speed is matched, it has been shown that older adults
without neurological or orthopedic impairment adopt a gait strategy that requires lower
ankle plantarflexion torque [5] and power [4,8] than that in young adults. This age-related
decline in plantarflexor output becomes more pronounced at faster speeds [2,8-10].

The causes and ramifications of diminishing plantarflexor output with aging are not
completely understood. Ankle torque is primarily produced by the triceps surae generating
forces of 3-4 times body weight at faster walking speeds [11-13]. Age-related sarcopenia
can result in the loss of ~30% of triceps surae muscle volume by age 70 [14,15], which
reduces the ability of the triceps surae to generate such forces [16]. While muscle size is
diminished, Achilles tendon cross-sectional area is maintained or slightly enhanced with
normal aging [17]. As a result, diminished muscle force could substantially reduce the stress
(force per unit area) that the aging tendon experiences. Changes in internal tissue loading
could have ramifications for tissue maintenance mediated by mechanobiological stimuli [18]
and thereby affect propensity for injury and disease [19].

The purpose of this study was to investigate age-related differences in Achilles tendon tissue
loading during treadmill walking at a range of speeds. We leveraged recent advances in shear
wave tensiometry, which allows for noninvasive measurement of stress in superficial tendons
based on shear wave propagation speed [20]. We tested the hypotheses that: 1) older adults
would exhibit lower tendon stress during walking, and 2) age-related differences in tendon
stress would increase with walking speed.

2. Methods

2.1 Subjects

Fourteen healthy young (7F, 26 £ 5 years, 1.77 £ 0.11 m, 73.96 + 15.19 kg) and 14 healthy
older (7F, 67 £ 5 years, 1.75 £ 0.06 m, 71.90 £+ 12.21 kg) adults participated in this study.
All subjects self-reported that they could comfortably walk on a treadmill, that they were
without current (past 6 months) orthopaedic or neurological impairment, and that they had
no history of Achilles tendinopathy. The study protocol was approved by the University of
Wisconsin-Madison Health Sciences Institutional Review Board. After obtaining written
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consent, all subjects performed a 10 m walk test to assess preferred walking speed, where
the middle 6 m was timed to allow distance for subjects to accelerate and decelerate.

2.2 Shear wave tensiometer

A shear wave tensiometer, consisting of a custom tapping device and accelerometer array in
series, was secured over the right Achilles tendon with a self-adherent wrap. The piezo-
actuated (PK4JQP2, Thorlabs, Newton, NJ) tapping device was driven by a 50 Hz square
wave (50 cycles per second, 50% duty cycle) via an open-loop piezo controller (MDT694B,
Thorlabs, Newton, NJ). The accelerometer array consisted of two miniature accelerometers
(Model 352C23, PCB Piezotronics, Depew, NY) mounted 10 mm apart in a silicone mold
(Mold Star 15 SLOW, Smooth-On, Macungie, PA). Accelerometery data were collected at
100 kHz and then bandpass filtered using a second-order, zero-lag Butterworth filter with
150 Hz and 5000 Hz cutoff frequencies. For each tap, we computed the time between wave
arrival at the two accelerometers by finding the delay that maximized the normalized cross-
correlation of the first millisecond after the tap between the first and second accelerometer
signals. Sub-sample interpolation was performed using a local 3-point cosine fit of the
normalized cross-correlation values [21]. Shear wave speed was calculated by dividing the
distance between the accelerometers by the time delay. Performing this analysis for each tap
resulted in a 50 Hz tendon wave speed signal.

2.3 Tensiometer Calibration

After walking on the treadmill for 5 minutes to warm-up the tendon [22], each subject
performed a simple sway task on a force plate to facilitate subject-specific calibrations of the
tensiometer. Subjects stood with their right foot on an in-ground force plate (BP400600—
2000, AMTI, Watertown, MA) that sampled ground reaction forces at 1900 Hz. Subjects
were asked to cyclically sway in the anteroposterior direction at 0.5 Hz guided by a
metronome. Guidance was given as to sway forward and backwards while not allowing their
heels or toes to leave the ground; all subjects were given time to practice the movement
before collecting data. Eight motion capture cameras were used to track marker positions at
190 Hz (Eagle cameras, Cortex software, Motion Analysis, Rohnert Park, CA). Rigid body
models were built by placing markers on the 15t and 5" metatarsal heads (on the shoe),
medial and lateral malleoli, and medial and lateral femoral epicondyles and then tracking the
segments dynamically using a 3-marker cluster (foot) or 4-marker cluster (thigh, shank) [23]
(Fig 1). The pelvis was modelled and tracked using markers on the anterior and posterior
superior iliac spine. Ankle plantarflexion angle and torque were calculated via standard
inverse kinematics and dynamics calculations in Visual 3D (C-motion, Inc., Germantown,
MD).

Ultrasound imaging (SonixTOUCH Research, BK Medical, Peabody, MA) was used to
assess tendon cross-sectional area. Cross-sectional images of the Achilles tendon were
collected at the midpoint between the two accelerometers of the tensiometer. These images
were segmented to compute the Achilles cross-sectional area using MATLAB R2019a
(Mathworks, Natick, MA).
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Tendon moment arm was measured using coupled motion capture and ultrasonography
[13,24]. Subjects were positioned prone with their knee flexed 20° while their ankle was
moved from about 10° of dorsiflexion to about 30° of plantarflexion with light but steady
manual resistance to keep the tendon taught throughout the range of motion. Motion capture
(190 Hz) and longitudinal ultrasound imaging of the Achilles tendon (19 Hz) were
performed synchronously. A functional axis was then computed as the best-fit screw axis
that described the foot motion with respect to the shank [25]. Ultrasound images were
transformed into the motion capture reference frame, and the tendon line of action was
defined as the midline of the tendon borders, which were manually identified in each image.
The Achilles tendon moment arm at each frame was computed as the perpendicular distance
between the tendon line of action and the functional axis [13]. A quadratic fit of the moment
arm relative to ankle angle was then performed.

Ankle torque was used to compute the axial stress during calibration (cal), oz in the
Achilles tendon throughout the sway tasks. We assumed that torque, 7, was generated purely
by the Achilles tendon, i.e., o= 71 [A-r(6)] where A is the tendon cross-sectional area and
1(6) is the tendon moment arm as a function of the ankle dorsiplantarflexion angle, 6.
Tibialis anterior (TA) electromyographic (EMG) signals were recorded during the sway
tasks and used to identify periods of co-contraction, which typically occurred when subjects
leaned backwards. TA EMG data were recorded at 1900 Hz using wireless sensors
(Trigno™, DelSys, Inc. Boston, MA). Data were processed using a 10-500 Hz bandpass
filter and signals were full wave rectified. Processed data were then passed through a 10 Hz
lowpass filter to obtain a linear envelope and normalized to the maximum value of the trial
signal. Instances during the sway task in which the TA was active (defined by a TA EMG
signal greater than 20% of the maximum signal) were not used in the tensiometer
calibration. In 5 subjects for which TA EMG activity was not sufficiently collected, data
where ogg was less than 5 MPa were not included in the calibration.

A theoretical model and ex vivo data suggest that wave speed squared increases in
proportion to axial tendon stress [20]. Tensiometers were calibrated for each subject by
performing a least-squares linear fit between wave speed squared and ogq (Fig 1). The
goodness of each fit was assessed by computing the root mean-squared error (RMSE)
between the tendon stress obtained from ankle torque and that which was predicted from the
measured wave speed. We also computed the coefficient of determination, R2, to ascertain
the variance of the stress described by the wave speeds measured with the calibrated
tensiometer.

2.4 Tendon loads during walking

Subjects walked on an instrumented treadmill (Bertec Corp., Columbus, OH) at four speeds
in randomized order (0.75, 1.00, 1.25, and 1.50 m/s) with at least two 10-second trials
collected at each speed. Achilles tendon wave speed was continuously monitored at 50 Hz
throughout the walking trials. Ground reaction forces were recorded and used to identify
heel strike events. Tendon wave speed data were extracted for individual gait cycles and
resampled to 101 data points per cycle. Strides were removed from analysis if heel strike
could not be detected due to feet crossing over onto opposite treadmill belts or if outliers
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were found in multiple data points throughout the stride. Achilles tendon stress was
estimated from wave speed (Fig. 1) using a prediction model of the form:s = ﬁ(c2 - Crznin)’
where ¢ is wave speed, g is the slope of the linear fit from calibration and is the minimum
wave speed measured over all walking trials for a given individual, which approximated a
zero-load state. Achilles tendon force was calculated as £= oA, where A is the tendon
cross-sectional area. Force was then normalized to body weight.

2.5 Statistics

Cohen’s d parameters were used to evaluate the effect size of age group (young, older) on
preferred walking speed, tendon cross-sectional area, tendon moment arm, and tensiometer
calibration parameters. Peak Achilles tendon wave speed, stress and force were extracted
from the stance and swing phases of each gait cycle and then averaged over all gait cycles at
a given speed. Two-way mixed analyses of variance (ANOVAS) with Bonferroni post-hoc
corrections were used to evaluate the effects of age group and walking speed on peak values
during the stance and swing phases of the gait cycle. Significance for all ANOVAs was set at
p=0.05. Mean values are presented with standard deviations (SD) in parentheses (i.e., mean
(SD)).

3. Results

3.1 Subject Characteristics

Any differences in mass, height, and preferred walking speed in our sample of young and
older adults could be considered small based on the effect sizes (Table 1). Mean Achilles
tendon moment arms for young adults (mean 43.68 mm) were not significantly different
from those for older adults (43.59 mm) at a neutral 0° dorsi-plantarflexion ankle angle (o=
0.96) (Table 1). However, Achilles tendon cross-sectional areas were 17% greater on average
in older adults (o= 0.01) (Table 1).

3.2 Tensiometer Calibration

Both young and older adults exhibited highly linear relationships (mean R2>0.90, range:
0.83 — 0.99) between tendon wave speed squared and stress in the calibration tasks (Table 2).
The mean tensiometer calibration gain was slightly higher for the older adults (7.56
kPa-s2/m?) than for the young adults (6.83 kPa-s2/m?2), though the difference was not
significant (p = 0.45) (Table 2). The mean RMSE between measured tendon stress and
calibrated wave speed predictions of tendon stress in the sway tasks was less than 1 MPa
(Table 2).

3.3 Tendon Loads during Walking

Tendon wave speed during walking was lower across all speeds in the older adults (Fig 2;
see Supplemental Figure A-1 for means and standard deviations). No significant or
important group-by-speed interaction effects were observed, so only the main effects of
speed and of group are presented. Mean peak Achilles tendon wave speed in stance was
significantly lower (main effect of speed, p< 0.01) in older adults than young adults (Table
3). Older adults exhibited a mean peak tendon wave speed of 58.5 m/s across speeds during
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stance, which was 22% lower than that seen in young adults. There was no significant effect
of age group on peak tendon wave speed during swing phase (Table 4).

Older adults exhibited significantly lower tendon stress (p= 0.01) and a tendency toward
lower peak normalized tendon force (p = 0.08) in stance (Table 3). Peak stance phase stress
averaged 24.8 MPa across speeds in older adults, which was 32% lower than that seen in
young adults. There was a significant main effect of speed on both tendon stress and force in
both stance (Table 3) and swing (Table 4) (p< 0.01).

4. Discussion

This study used shear wave tensiometry to investigate age-related differences in Achilles
tendon loading during gait. This is the first study to use a superficial sensor to non-invasively
compare tendon loading between groups of individuals during a dynamic task. In agreement
with our first hypothesis, we observed a significant difference (—32%) in peak Achilles
tendon stress during walking in older adults when compared to a young adult cohort. Our
second hypothesis was rejected, as significant age-by-speed interactions were not observed
for any metric of tendon loading tested. However, tendon stress was consistently lower in
older adults across speeds during the stance phase. Diminished tissue loading may have
important mechanobiological consequences that affect tendon health in older age [18].

Lower tissue stress in the older adults was in part attributable to an enlarged tendon cross-
section. The older adults exhibited tendon cross-sections that were 17% larger on average
than those in young adults, which is similar to results from previous studies [17,26]. While
researchers have theorized that the increased cross-sectional area in aging tendon may be
due to an increase in extracellular water within the tendon tissue caused by decreased
loading [17,27], others have found the water content in the extracellular matrix decreases in
aged tendon [19,28]. Individuals with tendinopathy have also exhibited greater tendon cross-
sectional areas, in this case due to an increase in water content and accrued ground
substance [29]. In a separate study using the same subjects, we used ultrashort echo time
(UTE) magnetic resonance imaging (MRI) to assess the amount of free and bound water in
young and older Achilles tendons [30]. That study revealed evidence of increased free water
content in the Achilles tendons of older adults and indications of sub-clinical tendinopathy
in 7 of 13 subjects [30]. Hence, it’s likely that water content was a contributor to the tendon
cross-sectional area differences we observed.

Tendons are mechano-responsive structures where tenocytes are constantly stimulated by
mechanical load and act to remodel and repair the tissue. The structural integrity and health
of the tendon is dependent on a balance of mechanical loading that provides neither over-
nor under-stimulation [18,31]. The mechanical stimulus experienced by tenocytes depends
on the transformation of tendon loading to local tissue deformation. Aging tendon has been
shown to exhibit greater compliance than young tendon, possibly as an adaptation to loading
[17,32,33]. If older adults had a 30% lower tendon stress (as observed in this study) and
30% lower tendon modulus [32], then average axial tendon stretch may not change
appreciably. However, overall tendon stretch arises from a combination of collagen fiber
stretch and sliding between fibers, where the tenocytes are located [19]. There is growing
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evidence that the sliding behavior is altered with aging at the fibrillar [34], fascicular [35],
and sub-tendon levels [35-37]. Our stress measures reflect the mean stress over the tendon
cross-section and hence do not provide an indication of potential variations in loading
among the sub-tendons of the individual triceps surae muscles. Decreased tenocyte
stimulation could lead to an accumulation of collagen due to decreased matrix turnover. The
resulting increase in cross-sectional area could be protective against acute injuries [38].
However, decreased turnover may come at the expense of tendon health (e.g., tendinopathy).
Future investigations into non-uniform tendon loading and hierarchical tissue deformation
will be needed to fully understand the mechanobiological implications of tendon loading on
tissue health, injury, and disease.

We did not observe a more pronounced effect of age on tendon stress at higher walking
speeds, as we hypothesized. While tendon stress did vary with walking speed in both young
and older adults, the peak stress increased by 11% on average as walking speed was doubled
from 0.75 to 1.5 m/s. The change in stress is 2.5-fold less than the fluctuation in peak ankle
moment across that speed range (+28%). Variations in the Achilles tendon moment arm
could contribute, in part, to the discrepancy. There is evidence of an increase in Achilles
tendon moment arm with muscle loading in stance [24]. Further, peak dorsiflexion tends to
decrease at faster walking speed, which would also act to increase the Achilles tendon
moment arm [13]. It is also worth noting that while the difference in tendon stress between
groups was ~30% (older < young), the difference in stride lengths between groups was only
~5% (older < young). Thus, differences in tendon loading between the groups were likely
due to differences in force generation by the muscles rather than differences in stride length.
Prior studies have found that triceps surae EMG and ankle power varies substantially with
speed [13] and, further, that soleus EMG exhibits an amplified age-related decline when
walking speed is increased [39]. The discrepancy between EMG and stress variations with
speed likely reflects muscle-tendon dynamics. Varying walking speed affects the operating
lengths and velocity of triceps surae muscle fascicles during the critical push-off phase of
gait [40,41], thereby altering the ability of muscle-tendon units to produce force.

The current study was enabled by shear wave tensiometry, a new noninvasive approach to
measure tendon stress during movement [20]. Following are relevant assumptions to
consider when interpreting tensiometry results. Subject-specific calibration was used to
transform the wave speed measures to Achilles tendon loading. Our approach for computing
stress from torque relies on assumptions about muscle load sharing, which can affect the
accuracy of the stress estimate. A prior tensiometer calibration study found that tensiometers
predicted peak Achilles tendon stresses during walking to within 20% (on average) of those
estimated from traditional inverse dynamics [13]. An important consideration with the new
shear wave tensiometer device is whether simply wearing it may alter gait dynamics. We
performed gait analyses on a subset of subjects walking with and without the tensiometer
and found a slight decline in peak ankle power in young adults wearing the active
tensiometer, while no change was seen in the older adults (See Supplemental Data B). As a
result, the difference in tendon loading between age groups we observed using shear wave
tensiometry may have been less substantial than the true age-related difference. Work is
continuing to be done to enhance the human factors aspects of the tensiometer, and we
believe this will reduce or eliminate the sensor’s effects on gait dynamics. We recognize that
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the accuracy of ultrasound-based methods for determining Achilles tendon CSA have been
questioned [42,43]. However, we performed a sub-analysis on 20 subjects from this study (9
young, 11 older adults) and found that CSA measured using ultrasound-based methods and
from magnetic resonance imaging was significantly correlated in this case (R = 0.81, p
<0.001). Thus, this systematic effect should have minimal impact on our conclusions drawn
from the between-group comparisons. Finally, only the right limb was tested during this
study, regardless of limb dominance. However, only two young and three older adults were
left leg dominant, and there were no observable trends associated with limb dominance.

In summary, we observed large and consistent differences in Achilles tendon loading
between young and older adults that were evident over a broad range of walking speeds.
Older adults exhibit lower Achilles tendon stress as a result of altered muscle force
generation and an enlarged tendon cross-section. The effects of altered tissue loading on
internal tissue deformations may be important for understanding the mechanobiological
processes affecting tendon tissue health in older age.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Shear wave sensors can measure superficial tendon stress noninvasively

. Achilles tendon stress is 32% lower in older than younger adults during
walking

. Achilles tendon loading is lower in older adults across a range of walking
speeds

. Diminished loads could alter mechanobiological stimuli underlying tendon
remodeling
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Figure 1:
The shear wave tensiometer consisted of a piezo-actuated tapper and a two-accelerometer

array, which was secured over the right Achilles tendon of each subject. To calibrate the
tensiometers, subjects voluntarily swayed in the anteroposterior direction while tendon wave
speed, ground reaction force, and motion data were collected. Tendon stress was estimated
from ankle torque and linearly regressed against tendon wave speed squared. Inset figure
shows calibration data from a representative subject.
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Figure 2.

Ensemble averages of Achilles tendon wave speed (top row) and stress (bottom row) for
young (left) and older (right) adults at four walking speeds. Stress was calculated from wave
speed using calibration parameters from Table 2.
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Subject characteristics (mean (SD)) with effect size calculation using Cohen’s d. Older adults did not exhibit
significantly different tendon moment arms (presented at O degrees ankle angle) but did exhibit significantly

larger tendon cross-sections than young adults.

Young Older Cohen’sd | p-value
Mass (kg) 73.96 (15.19) | 71.90 (12.21) 0.15 -
Height (m) 1.77 (0.11) 1.75 (0.06) 0.21 -
Preferred speed (m/s) 1.37 (0.14) 1.38 (0.15) 0.04 -
CSA (mm?) 60.13 (10.52) | 70.50 (9.73) 1.02 0.01
Moment Arm (mm) 4368 (4.49) | 4359 (5.71) 0.02 0.96
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Table 2.

Tensiometer calibrations (mean (SD)) were highly linear for both young and older adults, with no significant
difference in calibration gains or fit metrics between groups and a small effect size.

Young Older Cohen’sd | p-value
Gain B (kPa*s?m?) | 6.83(2.22) | 7.56 (2.78) 0.29 0.45
R? 0.95(0.03) | 0.94 (0.04) 0.24 0.54
RMSE (MPa) 0.89 (0.53) | 0.80 (0.46) 0.18 0.64
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Table 3.

During stance phase, peak wave speed and stress (mean (SD)) were significantly lower in the older adults than
those in the young adults (main effect p < 0.01, no significant group-by-speed interactions). Young adults
tended to have higher forces than older adults, but the main effect of group on tendon force was not significant
(p = 0.08). There was a significant main effect of speed in all three metrics (p < 0.01).

Wave Speed (m/s)

Young Older Speed Mean
0.75m/s 72.5(12.3) | 56.6(9.1) 64.5 (13.4)
1.00 m/s 742 (12.8) | 57.9(10.2) | 66.1(14.0)
1.25 m/s 75.8 (13.0) | 59.2 (10.4) | 67.5(14.3)
1.50 m/s 75.5(11.7) | 60.2 (10.7) | 67.9(13.5)

Group Mean | 74.5(12.2) | 58.5(9.9)

Stress (MPa)

Young Older Speed Mean
0.75 m/s 348(127) | 23.1(9.1) | 29.0(12.3)
1.00 m/s 36.6 (13.7) | 24.2(9.6) 30.4 (13.2)
1.25 m/s 38.2(14.1) | 2555 (106) | 31.8(13.8)
1.50 m/s 37.2(10.7) | 26.4(11.1) | 31.8(12.0)
Group Mean | 36.7 (12.5) | 24.8(9.9)

Force (BW)

Young Older Speed Mean
0.75 m/s 2.87(0.86) | 2.27(0.80) | 2.57(0.87)
1.00 m/s 2.97(0.72) | 2.39(0.88) | 2.68(0.84)
1.25 m/s 3.11(0.77) | 251 (0.95) | 2.81(0.91)
1.50 m/s 3.08(0.68) | 2.61(1.06) | 2.84(0.91)

Group Mean | 3.01(0.75) | 2.44 (0.91)
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Table 4.

During swing phase, peak wave speed, stress, and force (mean (SD)) were not significantly different between
age groups (main effect p > 0.05, no significant group-by-speed interactions). There was a significant main
effect of speed in all three metrics (p < 0.001).

Wave Speed (m/s)

Young Older Speed Mean
0.75 m/s 21.8(5.1) | 22.4(655) 221 (5.7)
1.00 m/s 23.0(5.3) | 23.6(6.2) 23.3(5.7)
1.25 m/s 26.0(5.0) | 25.2(6.2) 25.6 (5.5)
1.50 m/s 289(4.4) | 275(57) 28.2 (5.1)

Group Mean | 24.9(5.6) 24.7 (6.3)

Stress (MPa)

Young Older Speed Mean
0.75 m/s 2.7 (1.6) 33(3.2) 3.0 (2.5)
1.00 m/s 3.1(2.1) 3.8(3.3) 34(2.7)
1.25 mis 41(22) 4.4(3.8) 4.3 (3.0)
1.50 m/s 5.1(2.2) 5.3 (3.9) 5.2 (3.1)

Group Mean 372 4.2 (3.5)

Force (BW)
Young Older Speed Mean
0.75 m/s 0.21 (0.10) | 0.32(0.30) | 0.27 (0.22)
1.00 m/s 0.25(0.13) | 0.36(0.31) | 0.30(0.24)
1.25 m/s 0.33(0.13) | 0.43(0.35) | 0.38(0.26)
1.50 m/s 0.41(0.12) | 0.51(0.35) | 0.46 (0.26)

Group Mean | 0.30 (0.14) | 0.41 (0.33)
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