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NEW AND NOTEWORTHY:

We provide the first simultaneous estimates of ankle, muscle, and tendon stiffness in younger and
older adults. In contrast to earlier conclusions, we found that muscle and tendon mechanical
properties are unaffected by age when compared at matched loads. However, due to age-related
decreases in strength, mechanical properties do differ at matched efforts. As such, it is important
to assess the relevance of the comparisons being made relative to the functional tasks under

consideration.

ABSTRACT:

Older adults have difficulty maintaining balance when faced with postural disturbances, a task that
is influenced by the stiffness of the triceps surae and Achilles tendon. Age-related changes in
Achilles tendon stiffness have been reported at matched levels of effort, but measures typically
have not been made at matched loads, which is important due to age-dependent changes in
strength. Moreover, age-dependent changes in muscle stiffness have yet to be tested. Here, we
investigate how age alters muscle and tendon stiffness and their influence on ankle stiffness. We
hypothesized that age-related changes in muscle and tendon contribute to reduced ankle stiffness
in older adults and evaluated this hypothesis when either load or effort were matched. We used B-
mode ultrasound with joint-level perturbations to quantify ankle, muscle, and tendon stiffness
across a range of loads and efforts in seventeen healthy younger and older adults. At matched
loads, there was no significant difference in ankle, muscle, or tendon stiffness between groups (all
p>0.13). However, at matched effort, older adults exhibited a significant decrease in ankle (27%;
p=0.008), muscle (37%; p=0.02), and tendon stiffness (22%; p=0.03) at 30% of maximum effort.
This is consistent with our finding that older adults were 36% weaker than younger adults in
plantarflexion (p=0.004). Together these results indicate that, at the loads tested in this study, there
are no age-dependent changes in the mechanical properties of muscle or tendon, only differences

in strength that result in altered ankle, muscle, and tendon stiffness at matched levels of effort.
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INTRODUCTION

Mobility-related impairments are the leading cause of disability in older adults, affecting nearly
27% of individuals over 65 years old (35). The ability to withstand unexpected postural
disturbances is critical for healthy mobility and fall prevention (20, 22). Older adults have a
reduced capacity to compensate for postural disturbances (39), which increases their risk of falling
(26, 46). For example, one-third of falls in older adults are directly related to the inability to
respond appropriately to postural disturbances (12). An appropriate response requires rapid
corrective actions that oppose the disturbance. The ankle is crucial in this response, producing a
substantial portion of the required torque (41). This torque arises from both the stiffness of the
ankle at the time of the perturbation and from delayed muscle activation mediated by sensory
feedback pathways (11, 15, 16). Previous investigations of older adults' impaired response to
postural disturbances have emphasized the role of age-dependent changes in the sensory feedback
pathways (1, 26, 47), but there has been limited investigation into how aging impacts ankle
stiffness. If ankle stiffness decreases, the importance of sensory-mediated feedback responses
would be increased. This is important not only for understanding age-dependent changes in the
neural control of posture and balance, but also for designing interventions that could reduce falls
since training targeting deficits in neural feedback will differ from that targeting biomechanical
deficits in ankle stiffness.

Age-related changes within the triceps surae and Achilles tendon may decrease ankle stiffness
in older adults. The triceps surae and Achilles tendon are the primary contributors to sagittal plane
ankle stiffness during standing, with ankle stiffness being very sensitive to the stiffness of the
Achilles tendon at higher loads (18). It has been suggested that older adults exhibit a decrease in
Achilles tendon stiffness (4, 27, 44), which may be associated with impaired mobility and a
decreased ability to respond to postural disturbances (7, 10). However, it is worth highlighting that
due to methodological assumptions, nearly all previous estimates have been made at higher loads
(above 30% MVC) that are less relevant to everyday tasks like standing and walking, where
plantarflexor muscle activation typically remains below 30% MVC (33). To our knowledge, it has
yet to be explored if there are age-related changes in tendon stiffness at the lower load regime
within the "toe-region” of the tendon’s non-linear stress-strain relationship. Additionally, nearly
all previous examinations into age-related differences in Achilles tendon stiffness have been made

at matched efforts (27, 44). If the goal is to understand differences in mechanical properties, older
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78  adults' decrease in strength presents a confounding factor. In contrast to the Achilles tendon, age-
79  related changes in muscle stiffness remain poorly characterized. To our knowledge, measures of
80  muscle stiffness in younger and older adults during active conditions relevant to postural control
81  have not been made. Despite the lack of experimental measures, age-related changes—such as a
82  progressive decrease in muscle size, an increase in connective tissue, and an increase in fatty
83 infiltration (5, 32, 44)—could impact muscle stiffness. Collectively, these age-related changes
84  within the muscle and tendon could alter ankle stiffness in older adults.
85 Our primary objective was to determine if ankle, muscle, and tendon stiffness differ between
86  younger and older adults. We used our measurement technique that combines B-mode ultrasound
87 imaging with joint-level perturbations to quantify ankle, muscle, and tendon stiffness
88  simultaneously (17). Our approach allowed us to overcome gaps in the literature so that muscle
89 and tendon stiffness could be estimated at lower activation levels — from 0 to 30% MVC. Based
90 on the previously reported age-related decrease in Achilles tendon stiffness (4, 27, 44), we
91 hypothesize that older adults will exhibit a decrease in Achilles tendon stiffness that will result in
92  adecrease in ankle stiffness at matched levels of load and effort. Our results provide new insight
93 into the mechanisms underlying age-dependent differences in the ability to regulate ankle
94  mechanics.
95
96 METHODS
97  Participants
98 Seventeen healthy younger adults and seventeen healthy older adults participated in this study
99 (Table 1). All participants were right-leg dominant, as determined by the revised Waterloo
100  Footedness Questionnaire (9). Participants completed a health questionnaire prior to participation
101  to ensure they had no history of musculoskeletal injury or surgery to their right leg, neurological
102  diseases or injuries, or were taking medication that causes dizziness or impacts balance. Older
103  adults completed two additional questionnaires that evaluate fall risk and activity level: the Center
104  for Disease Control (CDC) fall risk self-assessment (Stay Independent Brochure) (40), and the
105 Community Healthy Activities Model Program for Seniors (CHAMPS) (45). The fall risk self-
106  assessment asked 12 yes-no questions. The "yes" are summed, and a score above 4 indicates the
107 individual may be at a higher risk of falling. A higher score on the CHAMPS questionnaire
108 indicates the individual is more active. All participants provided informed consent before
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109  participating in the study. The Northwestern University Institutional Review Board (IRB)
110  approved the study, and all methods were carried out in accordance with the IRB-approved
111 protocol (STU00009204 & STU00213839).

112

113  Experimental setup

114 Participants sat in an adjustable Biodex chair (Biodex Medical Systems, Inc. Shirley, NY) with
115 their right leg extended in front of them (Fig 1A). Their knee was flexed at 15° and stabilized with
116  a brace (Innovator DLX, Ossur, Reykjavik, Iceland). The torso and trunk were stabilized with
117  safety straps. The right foot was rigidly secured to a brushless rotary motor (BSM90N-3150AF,
118  Baldor, Fort Smith, AR) via a custom-made fiberglass cast with the ankle positioned at 90° of
119 flexion. The cast encased the foot distally from the malleoli to beyond the toes, creating a rigid
120  foot while preserving the full range-of-motion of the ankle. The ankle center of rotation in the
121  sagittal plane was aligned with the axis of rotation of the motor, restricting all movement to the
122  plantarflexion/dorsiflexion direction. Electrical and mechanical safety stops limited the rotation of
123 the motor within the participant’s range of motion. A 24-bit quadrature encoder integrated with the
124 motor measured ankle angle (24-bit, PCI-QUADO04, Measurement Computing, Norton, MA),
125  while a 6-degree-of-freedom load cell (45E15A4, JR3, Woodland, CA) measured all ankle forces
126  and torques. The motor was controlled in real-time via XPC target throughout the experiment
127  (MATLAB, Mathworks, Natick, MA).

128 Electromyography (EMG) data from the medial and lateral gastrocnemius and soleus (ankle
129  plantarflexors) and the tibialis anterior (ankle dorsiflexor) were recorded using single differential
130  bipolar surface electrodes (Bagnoli, Delsys Inc, Boston, MA, 10 mm interelectrode distance). We
131  performed standard skin preparation techniques prior to placing each electrode on the belly of the
132  respective muscle (48). All analog data were passed through an antialiasing filter (500-Hz 5-pole
133  low-pass Bessel filter) and sampled at 2.5 kHz (PCI-DAS1602/16, Measurement Computing,
134 Norton, MA, USA). EMG data were collected and used to provide visual feedback to the
135  participant.

136 We collected B-mode ultrasound images of the medial gastrocnemius muscle-tendon junction
137  (MTJ) using a linear transducer (LV7.5/60/128Z2-2, LS128, CExt, Telemed, Lithuania). The MTJ
138  was positioned in the center of the ultrasound image. The ultrasound probe was secured to the leg

139 using a custom-made probe holder and elastic adhesive wrap (Coban™, 3M, St. Paul, MN). A
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140  trigger synchronized the ultrasound data with all other measurements. Ultrasound images were
141  acquired with a mean frame rate of 124 frames per second. All ultrasound data were saved for

142 processing offline.

143
144 Protocol
145 Participants completed isometric maximum voluntary contractions (MVC) at the start of the

146  experiment. These data were used to normalize the EMGs and scale the torque and EMGs for
147  visual feedback provided to the participants during later trials (2). Participants completed three 10-
148  second MVC trials in both plantarflexion and dorsiflexion directions.

149 Our primary objective was to determine how the triceps surae, Achilles tendon, and ankle
150 impedance varied between younger and older adults across different levels of plantarflexion
151  torque. This contrasts previous studies that evaluated age-related changes in Achilles tendon
152  stiffness at matched efforts (27, 44). Therefore, the rotary motor applied small rotational
153  perturbations in the sagittal plane while participants produced different levels of isometric
154  plantarflexion torque. We used pseudo-random binary sequence (PRBS) perturbations with an
155  amplitude of 0.175 radians, a maximum velocity of 1.75 radians per second, and a switching time
156  of 153 ms. We tested seven plantarflexion torque levels from 0% to 30% MVC in 5% increments,
157  with participants completing three trials at each level of plantarflexion torque. Participants were
158  provided real-time visual feedback of their normalized plantarflexion torque along with tibialis
159  anterior EMG. Subjects were instructed to match the target torque for each trial while minimizing
160 tibialis anterior EMG to avoid co-contraction. Rectified EMG and torque signals used for the visual
161  feedback were low pass filtered at 1 Hz to remove high-frequency components (2"%-order
162  Butterworth). Each trial lasted 65 seconds. Plantarflexion torque levels were tested in arandomized
163  fashion. Rest breaks were provided as needed between trials to prevent fatigue.

164 The measured ankle torque included the gravitational and inertial contributions from the
165 apparatus connecting the foot to the motor. Thus, we collected a single trial with only the cast
166  attached to the rotary motor. This enabled us to remove the contributions from the apparatus from
167  the net torque measured in each trial.

168
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169  Data processing and analysis

170 We processed and analyzed all data using custom-written software in MATLAB. The same
171  experimenter manually digitized the MTJ within each frame of all ultrasound videos (17). All
172  ultrasound metrics were synchronized with all other data (29) and resampled using linear
173  interpolation to match the sampling rate of all other data (2.5 kHz).

174 We examined the EMG data to determine if there were age-related differences in muscle
175 activation. All EMG data were notch-filtered to remove 60 Hz noise, detrended, and rectified. The
176  EMG signals were smoothed with a 25-ms moving average filter, and the average across the trial
177  was taken. The EMG signals were then normalized by the peak amplitude of the filtered EMG
178  signal from the MVC trials.

179 We used non-parametric system identification to compute ankle, muscle, and tendon
180  impedance, as previously described (17). Briefly, the experimental measures used in this analysis
181  were ankle angle, ankle torque, and MTJ displacement (Fig 1B). Ankle impedance was quantified
182  as the relationship between the imposed ankle rotations and the resultant ankle torque (19). We
183  modeled the triceps surae and Achilles tendon as two impedances in series (14), where the
184  displacement of the muscle-tendon unit is determined by the angular rotation of the ankle
185 multiplied by the Achilles tendon moment arm. We refer to the relationship between MTJ
186  displacement and the angular rotations of the ankle as the translation ratio. Specifically, to
187  characterize ankle, muscle, and tendon impedance, we estimated ankle impedance and the
188 translation ratio. We then used these quantities to compute muscle and tendon impedance
189 algebraically. We have previously demonstrated that the magnitude of the frequency response
190  functions were nearly constant from 1 to 3 Hz and had high coherence, indicating that stiffness is
191  the dominant contributor to impedance and that there is a high signal-to-noise ratio (17). Thus, we
192  computed the stiffness component of ankle, muscle, and tendon impedance by averaging the
193  magnitude of the frequency response functions from 1 to 3 Hz. Our analysis focuses on the stiffness
194  component of impedance due to its relevance in the control of posture and movement at the ankle
195  (24).

196 For all analyses, we used a single approximation of the Achilles tendon moment arm, taken as
197  the mean across subjects from Clarke et al. (3), with an ankle angle of 90 degrees (51.4mm). A
198 single approximation was deemed appropriate since system identification is a quasi-linear

199  approximation about a single operating point, which, in our study, was 90°. Moreover, it has been
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200 demonstrated that the Achilles tendon moment arm does not scale with anthropometric data (3,
201  42), nor is it affected by age (8, 28).

202 Ankle and tendon stiffness, the low-frequency component of impedance, varied non-linearly
203  with plantarflexion torque (or musculotendon force). Therefore, the ankle and tendon stiffness
204 experimental data were fit with non-linear mixed-effects models for further analysis, as described

205  previously (18). Torque-dependent changes in ankle stiffness were modeled by:

206 K,=ETKa g g (1)

B t+Ka1
207  where Ka represents the modeled ankle stiffness, torque (z) was the input to the model, and g, Ka,
208  and K40 were the optimized parameters. Kao represents the passive stiffness of the ankle. A similar
209  approach, excluding Kao, has been used to characterize the load-dependent changes in net
210  musculotendon stiffness (31).
211 An exponential function was used to model tendon stiffness:
212 Kr = Kppmax + a - exp(=b - F) (2)
213  where Kr represents the modeled tendon stiffness, musculotendon force (F) was the input to the
214  model, and Kmmax, @, and b were the optimized parameters. This model was chosen since
215  exponential models have been used previously to model the non-linear toe-region of the tendon
216  stress-strain curve (23). We computed musculotendon force by dividing the measured ankle torque
217 by the Achilles tendon moment arm. We want to note that this non-linear model of tendon
218  properties (Eq 2) was not incorporated into Eq 1). We made this simplification for two reasons;
219  first, Eq 1 has been previously used in the literature and fit our data well (6, 18, 31). Second, we
220  were unable to fit a model of ankle stiffness that included the non-linear mechanics of the Achilles
221  tendon due to high parameter covariance that led to poor convergence.
222
223  Statistical analysis
224 We tested the hypothesis that ankle, muscle, and tendon stiffness differed between younger
225  and older adults. Non-linear mixed-effects models were used to characterize ankle and tendon
226  stiffness (Eq 1 and 2), whereas a linear mixed-effects model was sufficient to describe the
227  relationship between muscle stiffness and force. We also examined how ankle, muscle, and tendon
228  stiffness varied with effort (% MVC). Ankle, muscle, and tendon stiffness all varied linearly with
229 % MVC,; thus, we used linear mixed-effects models. For all models, age group (younger and older)

230  was treated as a nominal fixed factor, plantarflexion torque, musculotendon force, or % MVC was
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231  acontinuous factor, and subject was a random factor. We tested our hypothesis by evaluating how
232  age group (older vs. younger) influenced stiffness at torques (or musculotendon forces) ranging
233 from zero to the 75™ quantile of the maximum measured torque (or musculotendon force) in older
234 adults, or from efforts ranging from 0 to 30% MVC. We performed a post-hoc analysis to
235  determine if stiffness (ankle, muscle, and tendon) significantly differed between younger and older
236  adults at matched loads (torques or musculotendon forces) or matched efforts (% MVC). We
237 assessed the fit of each model by quantifying the coefficient of determination (R?) for each
238  participant from the respective mixed-effects model. For all mixed-effects models used in our
239  analysis, we used a restricted maximum likelihood method when approximating the likelihood of
240  the model, and Satterthwaite corrections for degrees of freedom (25). We used a two-sample t-test
241  to determine if there was a significant difference in maximum plantarflexion torque, Krmax (from
242  Eq 2), or subject characteristics between younger and older adults. We performed all statistical
243  analyses in MATLAB. Significance was set a priori at 0=0.05. All metrics are reported as the
244 meanx95% confidence intervals unless otherwise noted.

245

246 RESULTS

247  Participant characteristics

248 As a group, older adults (n=17) were 36% weaker in their maximum plantarflexion torque
249  compared to younger adults (n=17; p=0.004; Table 1). There was no significant difference in
250  height and weight between younger and older adults (all p>0.15; Table 1). Five older adults were
251 classified as co-contracting (details below). This group scored significantly higher on the fall risk
252  assessment than the eleven older adults who did not co-contract (p=0.04; Table 1). No other
253  differences were observed between the older adults who co-contracted and those who did not (all
254  p>0.5; Table 1).

255

256  Aging did not alter ankle stiffness

257 Ankle stiffness increased with plantarflexion torque in all younger and older adults; however,
258  no age-related differences were observed (Fig 2). Figure 2A displays the experimental measures
259 and the fits to Eq 1 for representative younger and older adults. The model fit the data well for
260 both groups of participants (younger: R?=0.98; older: R?=0.99). Similar fit accuracies were
261  achieved across the entire cohort (younger: R?=0.98 + 0.01; older: R?=0.96 + 0.02). We compared
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262  the modeled ankle stiffness for younger and older adults at matched torques and found no statistical
263  differences within the range of torques considered in this study (Fig 2B & C). At the 75" quantile
264  of torque measured in the older adult population (~21 Nm), ankle stiffness was 11% lower in older
265  adults (younger: 134 + 6 Nm/rad; older: 119 + 17 Nm/rad; p=0.19). While there was no significant
266  difference in ankle stiffness between the populations in the range of loads tested here, there was
267  more variability in the estimated stiffness from older adults, as shown by the larger confidence
268  bounds in Fig 2B. We next explored if this higher variability was associated with inconsistent
269 levels of co-contraction.

270

271  Aging increases co-contraction about the ankle

272 On average, older adults exhibited significantly higher tibialis anterior activation compared
273 with younger adults (difference: 2.4 £ 0.9% MVC; p=0.003; Fig 3), indicative of co-contraction
274 in the plantarflexion task used in our protocol. This occurred even though visual feedback of
275  tibialis anterior activation was provided to minimize co-contraction. The increase in tibialis
276  anterior activation contributed to changes in ankle stiffness at matched levels of plantarflexion
277  torque. Figure 4 shows a representative older adult who exhibited co-contraction during some but
278 not all trials. At nearly matched levels of plantarflexion torque (~ 4 Nm; Fig 4 — black box), ankle
279  stiffness was 64 + 4 Nm/rad (mean + standard deviation) at low levels of co-contraction, marked
280 by tibialis anterior activity of 2.1 £ 0.9% MVC (mean * standard deviation; Fig 4 —filled circles).
281  Stiffness increased to 77 £ 2 Nm/rad as co-contraction increased (tibialis anterior: 6 = 2% MVC;
282  mean * standard deviation; Fig 4 — open circles). These results indicate that the increased co-
283  contraction observed in older adults may have contributed to their increased variability in ankle
284  stiffness.

285 We removed subjects with significant co-contraction from all subsequent analyses since co-
286  contraction violates an assumption of our method. The assumption is that all perturbation-induced
287  torques (and forces) are transmitted through the Achilles tendon. Subjects were removed if more
288  than 30% of their trials exhibited excessive tibialis anterior activation. Excessive activation was
289  defined as mean tibialis anterior activity exceeding 5% of the mean plantarflexor activity; a 3%
290  offset was used to avoid removing trials at very low torque levels (Fig 3- black line). Twelve of
291  the seventeen older adults and all younger adults were classified as not co-contracting. Within this

292  cohort, individual trials were removed if the tibialis anterior activation exceeded the cut-off
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293  described above (0.3% of data for younger adults; 11% of data for older adults). The tibialis
294  anterior activation within this subset of older adults was still significantly higher than younger
295  adults. However, the activations were more similar, and the difference was quite small (0.8 £ 0.4%
296 MVC; p=0.008). We would like to note that we evaluated different criteria for defining co-
297  contraction (e.g., mean tibialis anterior activity above 3% of plantarflexor activity); using different
298  criteria did not influence our main results.

299

300  Aging did not alter muscle or tendon stiffness at matched loads

301 We evaluated if there were age-related differences in ankle, muscle, and tendon stiffness in the
302  twelve older adults who did not co-contract. Similar to the results presented above, ankle stiffness
303  was not significantly different at matched levels of plantarflexion torque (Fig 5C & F). At the 751
304  quantile of torque that we measured in older adults (~21 Nm), ankle stiffness of the older adults
305 was 10% lower than the younger adults (younger: 134 + 7 Nm/rad; older: 121 + 13 Nm/rad;
306  p=0.18).

307 As musculotendon force increased, muscle stiffness increased linearly, while tendon stiffness
308 increased non-linearly (Fig 5). Figure 5A displays the experimental measures and model fits for
309  muscle stiffness for a representative younger and older adult. The model fit the data well for both
310 participants (younger: R?>=0.94; older: R?=0.89), and across the entire cohort (younger: R?>=0.95 +
311 0.01; older: R?=0.93 + 0.02). Similarly, Figure 5B displays the experimental measures and the
312  parametric model (Eq 2) of the relationship between tendon stiffness and force in a representative
313  younger and older adult. The model fit the data well for both participants (younger: R?=0.92; older:
314 R?=0.99), and across the entire group (younger: R?=0.94 + 0.02; older: R?=0.94 + 0.04).

315 At matched levels of musculotendon force, muscle stiffness (Fig 5G) and tendon stiffness (Fig
316  5H) were not significantly different between younger and older adults. We compared stiffnesses
317 at the 75" quantile of musculotendon force measured in older adults (~400 N) and found no
318  significant differences in muscle (younger: 263 £ 32 N/mm; older: 263 = 42 N/mm; p=0.99) or
319  tendon stiffness (younger: 62 = 4 N/mm; older: 61 £ 6 N/mm; p=0.89) between groups.

320 Nearly all previous estimates of tendon stiffness have been made at a matched effort (e.g., %
321  MVC) rather than at a matched load (e.g., torque or musculotendon force). Thus, we also examined
322  how ankle, muscle, and tendon stiffness varied between younger and older adults at matched

323  efforts (Fig 6). Figure 6A, B, and C display the experimental measures and the model fits from a
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324  representative younger and older adult. Again, the models fit the data well, with high R? across the
325 entire group (Ankle: younger: R?=0.96 + 0.01; older: R?=0.95 + 0.02; Muscle: younger: R?>=0.95 +
326  0.01;older: R?=0.93 + 0.02; Tendon: younger: R?=0.93 + 0.02; older: R?=0.91 + 0.04). At matched
327  effort, ankle, muscle, and tendon stiffness were significantly lower in older adults compared to
328  younger adults. At 30% MVC, the highest target effort in the experiment, ankle stiffness was 27%
329  lower (younger: 153 + 20 Nm/rad; older: 112 + 20 Nm/rad; p=0.008, Fig 6G), muscle stiffness
330  was 37% lower (younger: 313 = 74 N/mm; older: 199 £+ 49 N/mm; p=0.02, Fig 6H), and tendon
331  stiffness was 22% lower (younger: 68 + 8 N/mm; older: 53 + 9 N/mm; p=0.03, Fig 61). These
332  differences are driven by differences in strength between the old and young participants.

333

334  DISCUSSION

335 The ankle, particularly the stiffness of the ankle, plays a critical role in maintaining balance in
336  response to unexpected postural disturbances. Since ankle stiffness is highly sensitive to the
337  stiffness of the Achilles tendon (18), previously reported age-related decreases in Achilles tendon
338  stiffness (4, 27, 44) could readily decrease ankle stiffness. However, there are two main limitations
339  of previous studies. First, nearly all measures of Achilles tendon stiffness have been made at higher
340 loads (above 30% MVC), which are less relevant to everyday tasks. Second, many comparisons
341  between younger and older adults are made at matched efforts, where age-related differences in
342  strength present a confounding factor. This study sought to determine if there are age-related
343  changes in ankle stiffness when accounting for strength-related differences, and to investigate the
344  potential causes. We quantified ankle, muscle, and tendon stiffness simultaneously in younger and
345  older adults from 0 to 30% MVC, which are lower activations than previously explored. Contrary
346  to our hypothesis that older adults would exhibit a decrease in ankle stiffness, we found no age-
347  related differences in ankle stiffness at matched loads below 30% MVC. Similarly, the stiffness of
348  the triceps surae and Achilles tendon did not vary with age when compared at matched loads. We
349  did observe differences in ankle, muscle, and tendon stiffness at matched efforts, due to older
350 adults being significantly weaker than younger adults. Our results suggest that there are no age-
351 related changes in the mechanical properties of the triceps surae and Achilles tendon when tested
352 at matched loads, at least at the lower loads relevant to posture and balance that were tested in this
353  work. Instead, previously reported differences with age are likely dominated by age-dependent

354  differences in strength.
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355

356  Effect of aging on ankle, muscle, and tendon stiffness

357 At matched levels of musculotendon force, we did not observe an age-related decrease in
358  Achilles tendon stiffness for the range of loads tested in this work. Nearly all previous
359  measurements were made at higher loads (typically above 30% MVC) that coincide with the linear
360  region of the tendon stress-strain curve (4, 27, 44). In contrast, our measurements are made at or
361  below 30% MVC, within the non-linear toe-region (17). It is possible that there are age-related
362  decreases in tendon properties at higher loads rather than within the toe-region. To test this
363  possibility, we compared the estimated parameter Krmax in Eq. 2 between older and younger adults.
364  Krmax represents the maximum, constant tendon stiffness at high loads observed in other studies
365  (e.g., the stiffness of the linear region of the stress-strain curve) (4, 23, 27, 44). The estimated
366  maximum tendon stiffness was 16% lower in older adults compared to younger adults (younger:
367 108 + 4 N/mm; older: 91 + 2 N/mm; mean = standard deviation; p<0.001). Future work should
368 investigate how aging impacts tendon stiffness along the entirety of the stress-strain relationship.
369 Similar to previous results, we did observe a significant decrease in Achilles tendon stiffness
370  at matched efforts (4, 27, 44). Stenroth, et al. (44), who estimated tendon stiffness as the slope of
371  the force-strain relation between 10 — 80% MVC, reported a 17% decrease in Achilles tendon
372  stiffness in older adults, which is a similar magnitude to what we observed at 30% MVC. Our
373  findings clarify that these differences are due to age-related changes in strength, not mechanical
374  properties of the tendon. Together, these results emphasize the importance of assessing tendon
375  stiffness at matched loads when knowledge about mechanical properties is desired.

376 Our estimates of muscle stiffness include both a passive and active stiffness component.
377  Passive muscle stiffness primarily originates from the connective tissue within muscle and titin
378 (13, 36, 38, 43). There are well-established age-related changes in muscle that primarily affect its
379  passive properties, such as a progressive decrease in muscle size, an increase in connective tissue,
380 and an increase in fatty infiltration (5, 32, 44). Assuming that these changes were present in our
381  population, their net effect does not appear to impact muscle stiffness when load is held constant
382  (Fig 5D). Examining how passive muscle stiffness changes as it is loaded was outside the scope
383  of this study and requires future investigation.

384 In contrast to passive muscle stiffness, there is limited evidence that active muscle stiffness

385 would be impacted by aging. We have demonstrated previously that our estimates of muscle
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386  stiffness are consistent with measures of muscle short-range stiffness (17). Short-range stiffness
387  scales with the activation-dependent force within a muscle (6), and is thought to arise from the
388  number of attached cross-bridges (31, 37). While aging has been associated with changes in cross-
389  bridge kinetics (30), to our knowledge, there is no evidence that these changes alter muscle short-
390 range stiffness. Thus, at matched forces, it was unsurprising that muscle stiffness was similar
391  between younger and older adults.

392 Older adults' decrease in ankle stiffness at matched efforts compared to younger adults could
393  negatively impact their balance control. During standing, older adults could either exert the same
394  effort as younger adults, resulting in lower ankle stiffness, or could exert more effort to attain
395  similar stiffness. The first strategy would lead to reduced postural stability and the latter to
396 increased fatigue. Neither approach would be beneficial for the control of balance. Future work is
397  required to determine which of these strategies is adopted during postural control.

398

399  Co-contraction in older adults

400 Some of our older adults co-contracted during the experiment. Interestingly, those who did
401  also scored significantly higher on the CDC fall risk assessment (Table 1). This is in accordance
402  with previous findings that older adults with higher co-contraction during a balancing task were at
403  a greater risk of falling (34). Additionally, all older adults could adequately control the feedback
404  (both the plantarflexion torque and tibialis anterior EMG) when perturbations were not present.
405  However, when the PRBS perturbations were present, some older adults were unable to prevent
406 tibialis anterior activation. Numerous factors could be related to their inability to prevent tibialis
407  anterior activation during the perturbations (21, 33, 34), but identifying those relevant to our
408  protocol was not the purpose of this study.

409

410  Limitations

411 Our system identification approach for estimating muscle and tendon stiffness assumes that all
412  plantarflexion torque is transmitted through the Achilles tendon and triceps surae (17). This not
413  only omits contributions from other structures spanning the joint but also required us to eliminate
414  trials in which there was substantial co-contraction, which occurred in nearly 30% of our older

415  subjects. This assumption can also lead to small errors during passive conditions (17), though those
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416  would have negligible impact on our main findings, which were drawn from comparisons at higher
417  levels of volitional torque.

418

419  CONCLUSION

420 We sought to determine how aging alters ankle, triceps surae, and Achilles tendon stiffness.
421  Contrary to our primary hypothesis, we did not observe significant differences in these measures
422  between younger and older adults when compared at matched loads. We did observe differences
423  at matched efforts due to differences in strength between our groups. These results indicate that
424  comparisons should be made at matched loads if the goal is to evaluate age-related changes in
425 ankle, muscle, or tendon mechanical properties. Additionally, age-dependent changes in the
426  maximum ankle stiffness that can be achieved may contribute to older adults' increased risk of
427  falling. Future work is warranted to quantify ankle stiffness in younger and older adults during
428  standing, as it may aid in developing targeted interventions to improve balance in older adults.
429
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447 Table 1: Subject characteristics
Age Height (m) | Weight | Max plantarflexion Fall risk CHAMPS
(years) (kg) Torque (Nm) assessment score
Younger adults 27 + 3* 1.7+£0.1 7315 82 + 32* ~ ~
Younger women (n = 9) 272 166+0.08 | 70+ 14 76 +28 ~ ~
Younger men (n = 8) 285 1.80+0.08 | 78+16 87 + 37 ~ ~
Older adults 74 + 6* 1.68+0.09 | 67112 52 + 22* 19+05 10000 + 7000
Older women (n = 9) 775 1.61+0.04 57+8 42 +11 31+£20 7300 = 3900
Older men (n = 8) 705 1.75 £ 0.07 78+4 64 + 26 05+0.8 13000 + 8600
Older: no co-contraction (n = 12) 737 1.7+£0.1 67 +12 51+ 22 1.3+ 1.67 11000 £ 7900
Older: co-contraction (n =5) 74+4 1.65+0.07 | 66+ 14 56 + 25 3.4+£23F 7800 £ 3500

448 CHAMPS - Community Healthy Activities Model Program for Seniors. Higher values in CHAMPS indicate that the

449 individual is more active, while higher values for the fall risk assessment indicate that the individual is at a greater
450 risk for falling. Values are expressed as mean + standard deviation. Asterisks are for younger vs. older; * p < 0.05.
451 Daggers are for older adults who did not co-contract vs. older adults who did co-contract; T p < 0.05.



https://doi.org/10.1101/2023.11.25.568676
http://creativecommons.org/licenses/by-nc-nd/4.0/

452
453

454
455
456
457
458
459
460

461

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.25.568676; this version posted November 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B
Feedback Safety q
Monitor Straps § 0.14
™~ P e AL
T — Q 1
(o))
_ -0 ___
Knee = 1sec
Brace B .
f £ 5
s MMAWI A
=S s
/ 5 -5
'_
E O
= MR
= |
-
=

Load Cell  yitrasound

Figure 1. (A) Schematic of the experimental setup. (B) Representative data used to estimate ankle, muscle, and
tendon stiffness for an older adult. A custom-made cast secured the participant's foot to the rotary motor. The rotary
motor rigidly controlled the ankle joint angle and applied random perturbations while the load cell measured the
resultant ankle torque. We used B-mode ultrasound to image the muscle-tendon junction (MTJ) of the medial
gastrocnemius. The knee brace secured the knee in a stable position, preventing unwanted knee flexion or extension.
The feedback monitor provided real-time feedback on the magnitude of the plantarflexion torque and the tibialis
anterior muscle activity. Figure adapted from Jakubowski et al. (18). (B) Exemplary measures of the ankle angle,

torque, and MTJ displacement resulting from the applied random perturbations.
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Figure 2. Ankle stiffness was not significantly different in older adults compared to younger adults. (A) Ankle

stiffness for a representative younger (red) and older (blue) adult. Younger adults were stronger than older adults, as
illustrated by the lower torque achieved in the representative older adult. (B) This trend was preserved in the group
results for younger (n=17) and older (n=17) adults. Ankle stiffness data were modeled using a non-linear mixed-
effects model (Eq 1). The mixed-effects model was used to account for random variability between participants. The
solid line indicates the estimated stiffness from the fitted model, with the shaded region being the 95% confidence
intervals. (C) Ankle stiffness was not significantly different between younger and older adults at matched levels of
plantarflexion torque, illustrated by the p-value being greater than 0.05 (dotted line). Comparisons were made at

torques ranging from zero to the 75™ quantile of the maximum measured torque in older adults.
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474 Figure 3. Older adults co-contracted more than younger adults. As the mean plantarflexor activation increased,
475  there was a greater increase in tibialis anterior activation in older adults (n = 17) compared to younger adults (n = 17).
476 Mean plantarflexor activation was computed as the mean activation within the lateral gastrocnemius, medial
477 gastrocnemius, and soleus. Co-contraction was defined as tibialis anterior activation exceeding 5% of the mean
478 plantarflexor activity with a 3% offset (black line). Each data point represents an individual trial in younger (red) and
479  older adults (blue).
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482 Figure 4. A representative older adult that exhibited co-contraction during some trials. At nearly matched levels
483 of plantarflexion torque (black box), ankle stiffness was higher when the participant co-contracted (open circles)
484  versus when co-contraction was not present (filled circles). Co-contraction was defined as tibialis anterior activation

485  exceeding 5% of the mean plantarflexor activity with a 3% offset. Each data point represents an individual trial.
486
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487 Figure 5. At matched loads, ankle, muscle, and tendon stiffness did not vary between younger and older adults
488  who did not co-contract. Muscle (A) and tendon (B) stiffness for a representative younger (red) and older (blue)
489  adult. (C) Ankle, (D) muscle, and (E) tendon stiffness for younger adults (n=17) and older adults who did not co-
490 contract (n=12). No significant difference was observed in ankle (F), muscle (G), or tendon (H) stiffness between
491  younger and older adults. The ankle stiffness experimental data were modeled using a non-linear mixed-effects model
492 (Eq 1). Similarly, the tendon stiffness experimental data were modeled non-linearly (mixed-effects model) with Eq 2.
493 Muscle stiffness was modeled using a linear mixed-effects model. The solid line indicates the estimated stiffness from
494 the respective fitted model, with the shaded region being the 95% confidence intervals. Comparisons were made at

495  torques ranging from zero to the 75" quantile of the maximum measured torque (or musculotendon force) in older

496  adults.
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Figure 6. At matched levels of effort, older adults exhibited a decrease in ankle, muscle, and tendon stiffness.

Ankle (A), muscle (B), and tendon (C) stiffness for a representative younger (red) and older (blue) adult as a function

of effort (% MVC). Ankle, muscle, and tendon stiffness increased linearly with effort, and this trend was preserved

when looking at the group results for younger (n=17) and older adults who did not co-contract (n=12) (D, E, and F,

for ankle, muscle, and tendon stiffness respectively). At almost all efforts, ankle and tendon stiffness were significantly

lower in older adults compared with younger adults (G and I, respectively). Muscle stiffness was significantly lower

in older adults compared with younger adults at efforts above approximately 7 % MVC. Note that p-values are plotted

on a log scale. Ankle, muscle, and tendon stiffness were modeled using a linear mixed-effects model. The solid line

indicates the estimated stiffness from the respective fitted model, with the shaded region being the 95% confidence

intervals. Comparisons were made at efforts ranging from zero to 30% MVC, the highest target provided to

participants.
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