Abstract
HAMPTON, AUSTIN SCOTT. Linking Mechanics and Energetics of Post-Stroke Walking:
Towards a Muscle-Level Understanding. (Under the direction of Gregory S. Sawicki,
Michael Lewek, Peter Mente, and Andrew DiMeo).

Post-stroke walking is characterized by an asymmetrical walking pattern and typically
costs more metabolic energy. Though many researchers have performed thorough
investigations of post-stroke gait, it is still unclear what factors may be contributing to this
higher metabolic demand, especially at the joint and muscle levels.

In this study, we performed an inverse dynamics analysis on the gait pattern of
participants who had a stroke walking at 0.75 m s™ and compared to unimpaired controls. We
wanted to further elucidate the mechanisms that cause the asymmetry and weakened ankle
push-off seen in post-stroke walking and determine if there is a link to an increased
metabolic cost. Our results indicate the metabolic cost was 51% higher post-stroke when
compared to controls. We also found the combined (paretic + non-paretic) average positive
mechanical power for the lower limb was increased by 34% for the participants when
compared to non-disabled controls. There was more reliance on the hip to compensate for the
weak ankle joint and produce the additional lower limb work. We believe that combining the
increase in hip power production and estimates for hip joint apparent efficiency can help
explain the increase in metabolic cost.

We further ‘zoomed’ in on the ankle joint to determine if the musculo-tendon interactions
are disrupted post-stroke by combining an inverse dynamics analysis with real-time
ultrasound images. In unimpaired gait, the ankle joint utilizes a catapult mechanism with the
Achilles tendon to produce efficient elastic power. To our surprise, though, there were few

differences in kinetics and kinematics of the muscle-tendon unit (MTU), series elastic



element (SEE), and contractile element (CE) post-stroke. One notable finding was additional
lengthening and energy absorption done by the non-paretic fascicles (CE). Despite these
differences in absorption, the catapult mechanism was not significantly altered and adequate
amounts of forces were produced.

This information could be used to aid in the design of rehabilitative regimes or assistive
devices used in therapies for pathological gaits. Therapies could focus on improving
flexibility and strength of the paretic ankle joint. Also, this study shows the importance of
designing devices that can help unload the additional work load done by the hip joint post-

stroke.
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Linking Mechanics and Energetics of Post-Stroke Walking: A Joint-Level
Perspective
Introduction

A stroke can be an extremely debilitating occurrence that affects approximately
7,000,000 people in the United States' and can severely limit mobility. Impaired muscle
coordination and reduced muscle strength post-stroke typically result in a walking gait that is
asymmetrical and slower than normal®”. The walking pattern post-stroke has been shown to
be different than a non-disabled gait, which utilizes efficient energy production and transfer
mechanisms to help minimize the cost of walking®™* *'°.

Unimpaired walking exhibits a finely tuned step-to-step transition and utilizes a strong
push-off by the ankle joint. In an efficient step-to-step transition, there is simultaneous
positive and negative work of equal magnitude by the trailing and leading limbs
respectively''. When timed appropriately, the trailing limb positive power generation serves
to limit leading limb collisional losses, minimizing energetic cost’. The trailing limb ankle
joint is the crucial source of mechanical energy powering push-off to help reduce the energy
losses when the leading leg impacts the ground’. In fact, the ankle joint in non-disabled
walkers has been shown to produce nearly half of the total (ankle + knee + hip) positive work
summed across the limb® '°. When trailing limb push-off is disrupted by weak or
uncoordinated ankle plantarflexors, increased collisional losses may require additional
mechanical and metabolic energy expenditure from other muscles in the lower limb.

Typically, post-stroke gait displays disrupted gait patterns caused by neuromuscular

impairments on one side of their body (i.e. asymmetry)*™* >3 A particularly notable post-



stroke impairment is that the affected (paretic) ankle joint shows weakened plantarflexors
and a decreased ability to produce an adequate push-off pre-swing™ > * > 1 In order to
compensate for the weak ankle, mechanical power generation is redistributed and mainly
transferred to the hip joint®® '*'*. Because the hip is less efficient in comparison to the

ankle® 1

, the heavy reliance on the hip joint post-stroke may contribute to a raised metabolic
cost® '°. The hip joint does not have the long series elastic element seen in the ankle joint, i.e.
the Achilles tendon. This leads to a reduced amount of stored elastic energy being returned
back into the system and thus requires additional muscle fascicle work and more metabolic
energy. In short, because of differences in mechanical efficiency between proximal and distal
joints'” the distribution of mechanical energy across the lower limb may highly impact the
amount of metabolic energy required post-stroke.

Many studies have quantified the metabolic cost of post-stroke walking™ > '* !> Tt is clear
that metabolic energy expenditure for someone who experienced a stroke can be as much as
1.3 to 2 times higher than non-disabled controls at self-selected fast and slow speeds,
respectively®. Though many studies have looked at the metabolic consumption post-stroke,
few have attempted to establish links between joint mechanics and metabolic expenditure
between nondisabled walkers and stroke survivors at matched speeds. In fact, we are only
aware of a single study that has documented the center of mass (COM) efficiency (COM
mechanical power/net metabolic power) of walking post- stroke. Detrembleur et al. reported

that the efficiency of hemiparetic walking (20%) was near normal values reported elsewhere

for unimpaired controls at self-selected walking speeds®. That study did not control walking



speed, did not make within study control/hemiparetic comparison and employed center of
mass-based (COM) analyses that likely underestimated the work of the muscle-tendon units
(MTU) across the limb due to simultaneous positive and negative work at adjacent joints'®.

2,3,8,13

Though many studies have addressed the mechanical energy production and

491415 41 isolation during walking post-stroke, few have

metabolic energy expenditure
combined mechanical and metabolic measurements to elucidate the mechanisms behind
elevated metabolic expenditure. The purpose of this study was to link joint-level mechanics
and overall metabolic energy expenditure at a fixed walking speed for participants who
experienced a stroke and unimpaired controls. We collected simultaneous joint mechanics
(control, paretic, and non-paretic limbs) and metabolic energy expenditure data in both
unimpaired controls and participants walking at 0.75 m s”. Based on previous literature, we
anticipated an increased net metabolic power (W kg™) post-stroke® ' '*. In addition, we
hypothesized that compared to unimpaired controls: 1) the total positive average mechanical
power (W kg) summed across the joints of both limbs would be higher post-stroke, 2) a
larger portion of the average mechanical power would be performed by the hip muscle-
tendon units post-stroke, and 3) due to heavier reliance on inefficient hip muscle-tendon units

(MTU) the joint-level efficiency (ratio of summed joint positive average mechanical power

to net metabolic power) would be lower post-stroke.



Materials and Methods
Experimental Protocol

Eight walkers who had a stroke (participants) and did not use an ankle-foot orthotic
(AFO) (mean =+ s.d., age = 58 + 11 years ; mass = 95 + 19 kg; height = 1.77 £ 0.06 m) and
nine unimpaired controls (controls) (mean + s.d, age =25 £ 5 years; mass = 72 £+ 13 kg;
height = 1.69 &+ 0.16 m) provided us with an institutional review board (IRB) approved
consent form to participate in this study. A more in depth listing of subject characteristics is
outlined in Appendix A Table 1. All procedures were approved by the University of North
Carolina, Chapel Hill and North Carolina State University institutional review boards (IRB)
and followed the procedures outlined by the Declaration of Helsinki.

All trials were completed on an instrumented treadmill (BERTEC, Columbus, OH, USA)
sett0 0.75 ms™ and lasted four minutes. Each participant wore a harness to reduce the
possibility for falls or injury. The harness did not supply any body weight support. The
participants were discouraged from using the handrails other than for small balance
corrections throughout the trials
Kinetics and Kinematics

An eight camera motion analysis system (VICON, Oxford, UK) was used to capture the
position of 37 reflective markers attached to the pelvis, right leg, and left leg (modified
Cleveland Clinic marker set) at 120 Hertz. Raw marker positions were filtered using a
second-order low pass Butterworth filter with a cut-off frequency of 10 Hertz. A static

standing trial was captured and the positions of the markers on segment endpoints were used



to calibrate a four segment (comprised of one pelvis, two thighs, two shanks, and two feet)
model on both legs for each subject using established inertial parameter' . Clusters of three to
four markers on rigid plates were attached to the pelvis, thigh, and shank segment to track
segment motion on both the left and right leg during the trials. For the foot, a cluster of three
markers was attached directly to the walker’s shoe. Joint angle for the hip, knee, and ankle
were computed in three dimensions as the orientation of the distal segment with reference to
the proximal segment and differentiated to calculate joint velocities.

The force data was recorded at 120 Hertz during the movement trial at 0.75 m s™ using
two force platforms underneath each belt of the instrumented. The subjects were allowed to
choose their step frequency and length freely, were allowed to grip the handrail while the
treadmill reached the prescribed speed, and were asked to release the handrail once the speed
was obtained. Each participant was required to walk with each foot hitting its ipsilateral
treadmill belt and force platform to ensure that individual limb was contributing to that leg’s
calculations in the double support phase of the gait cycle. The raw force analog data were
filtered with a second-order low-pass Butterworth filter with a cut-off frequency of 35 Hertz.
Inverse dynamic analyses'® were then used to compute net joint moments, which were
multiplied by the calculated joint angular velocities to calculate joint powers for the hip,
knee, and ankle joints. Kinematics and kinetics were calculated for the left and the right leg
individually for the participants, but for the unimpaired controls symmetry was assumed and

the kinetics and kinematics were calculated for the right leg. The calculations of kinetics and



kinematics were performed using a combination of Visual 3-D software (C-Motion Inc.,

Germantown, MD, USA) and MATLAB (MathWorks, Natick, MA, USA).

Calculation of Positive and Negative Mechanical Work

We used a joint-level approach to calculate mechanical work and power values because it
is more closely related to the actual muscular work and power than other methods (e.g.
external and internal work)®. Total positive and negative average powers were calculated as
the sum of work done at each of the lower limb joints divided by the stride time. For this,
stride-averaged joint power data (from 0-100% of the gait cycle) for the ankle, knee, and hip
were individually integrated with respect to time over discrete periods of positive and
negative work using the trapezium method®. For each stride at each joint, all values of
positive work were summed and all periods of negative work were summed to give an
individual joint positive and negative work, respectively. Work represents the work done by
joints of the paretic and non-paretic limbs for the participants who had a stroke and the right
limb only for the unimpaired control. In order to obtain the work done by the joints in both
legs, the paretic and non-paretic work values were summed, and for the controls, assuming
symmetry, the right leg values were doubled. Then , individual joint positive mechanical
work values were divided by stride time in order to calculate average positive mechanical
joint powers (equation 1), where F , Wj+, Tstriqe are the average positive mechanical power

at that joint, positive mechanical work at a joint, and average stride time, respectively.

_ VV]?"
T = (1)

Tstride




Following this, the average positive powers calculated for the ankle, knee, and hip were

summed (equation 2) and this value was taken as the total average positive power output,

where P, P, P

nip> Pinees Pani are total, hip, knee, and ankle average positive powers,

respectively.

Pt-'(;t = Pf-zl-ip-l_ Pljnee-i_ Pc-ll-nk (2)
Each joint’s average positive and negative powers as a percentage were calculated using

equation 3, where Jy, is the percent value contributed by the individual joint to the total

summed average power.

+

oF
Joo = <4> x 100% 3)

Prot

We computed average negative powers for the limbs and joints using the same
procedures outlined in equations 1-3, but computed integrals to get mechanical work using
the negative portions of the stride-averaged joint powers.
Metabolic Measurement and Efficiency

The flow rates for oxygen and carbon dioxide were recorded using a portable metabolic
system (OXYCON MOBILE, VIASYS Healthcare, Yorba Lina, CA, USA). In order to
obtain a net metabolic measurement, we used the last two minutes of a four minute standing
trial to calculate rate of metabolic energy consumption (watts) while standing. This value was
subtracted from the average flow rate during the last two minutes of the four minute walking
trials at 0.75 ms™. A visual inspection of the oxygen consumption rate data confirmed the

subjects were at steady-state. Using the Brockway equation'’, the flow rates for oxygen and



carbon dioxide were converted to metabolic power and then normalized to the subject’s body
mass (W kg™).

The efficiency of positive mechanical work during walking (1;/,,,) Was calculated by
dividing the total summed average positive mechanical power @ by the net metabolic

power (P,.;) for each participant (equation 4).

+ — Pt-'z-)t (4)
Nwork = P
net

We accounted for the positive work only and neglected the negative work done during
stride because the efficiency for the negative work in muscle has been shown to be
five times greater than the positive work”? and accounts for a minimal portion of the total
metabolic cost. This may lead to minimally erroneous calculations, but this issue should be
systematic during all trials given that the total negative and total positive work performed
during a stride are equal for level steady-speed movement trials. In addition, the degree of
negative work being absorbed and returned into the elastic structures in the muscle (e.g.
tendons) is unknown making it difficult to accurately include in the calculation of efficiency.
Statistical Analysis

For each individual, the kinematic and kinetic data were averaged over 8-10 strides.
Group means and standard deviations were then computed and, unless otherwise stated, these
values are the values represented. To test for differences in outcome variables (total average
positive power; total average negative power; individual joint contributions to average

positive and negative powers; net metabolic power, and efficiency) between hemiparetic and



control participants, an ANOVA with a Bonferroni adjustment was used. A post-hoc Tukey
analysis was performed further distinguish significance between the independent variables
for paretic, non-paretic, and control limbs. For all statistical tests, an a level of 0.05 was set

as the threshold for significance.

Results

Our participants had a stroke at least six months prior to this study. They walked with an
average preferred walking speed of 0.85 +0.23 m s and were on average 58 + 11 years of
age. The non-disabled controls were on average 25 + 5 years of age.

Average Mechanical Power Output

The participants produced significantly more total joint positive mechanical power with
their combined limbs in comparison to the non-disabled controls, 0.67 £ 0.13 W kg™ vs. 0.50
+0.05 W kg (ANOVA: p =0.002) (Appendix A Table 2, Appendix B Figure 3). The
combined hemiparetic hip joints produced significantly more average positive power in
comparison to the unimpaired hip joints, 0.32 £ 0.09 W kg™ and 0.19 + 0.08 W kg™’
respectively (ANOVA: p = 0.005).

The total limb positive power produced by the non-paretic leg (0.43 + 0.09 W/kg) was
significantly greater than the total control (0.25 £+ 0.03 W/kg) and paretic (0.24 £ 0.07 W/kg)
legs (ANOVA: p <0.0001). When inspecting mechanical power production of the individual
joints, the ankle joints and the hip joints showed significant differences among participants

and between controls. The non-paretic ankle joint (0.16 + 0.07 W/kg) performed
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significantly more average positive power over the stride when compared to the paretic ankle
joint (0.08 = 0.04 W/kg). The power output by the non-paretic hip joint was significantly
higher than the paretic and control hip joints, 0.21 + 0.07 W/kg, 0.11 + 0.04 W/kg, and 0.10
+ 0.04 W/kg, respectively (Appendix A Table 2).

Although the combined limbs absorbed similar amounts of total power, the hemiparetic
ankle joints absorbed more negative power than the combined control limbs, -0.30 = 0.06 W
kg™ vs. -0.22 + 0.06 W kg (ANOVA: p = 0.04). At the individual joints level, the non-
paretic knee joint absorbed more negative power when compared to paretic, but was not
different than control (-0.15 + 0.03 W kg™, -0.11 + 0.03 W kg™, 0.14 £ 0.03 W kg ™)
(ANOVA: p=0.04).

Net Metabolic Power and Efficiency

Net metabolic power (W/kg) for the participants (3.2 + 0.53 W/kg) was 51% higher when
compared to the unimpaired controls during walking at 0.75 m's™ (2.1 + 0.72 W/kg)
(ANOVA: p =0.003) (Appendix B Figure 5).

The joint-level efficiency for hemiparetic walking (n = 0.21 £+ 0.02) was lower when
compared to non-disabled controls (= 0.28 + 0.17) walking at 0.75 m s, but it was not

significantly different.

Discussion
The aim of this study was to simultaneously examine joint mechanics and metabolic cost

during post-stroke walking and draw comparisons to unimpaired controls at a fixed
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speed. As expected from past studies™* '+ 1°

, the net metabolic power was 51% higher post-
stroke when compared to their unimpaired counterparts walking at 0.75 m s™'on a treadmill.
We further hypothesized that the total positive average mechanical power across the joints
for both limbs would be higher post-stroke when compared to unimpaired controls. In
support of that hypothesis, the data from this study showed that the total average positive
mechanical power summed across the joints of the lower limb was 37% higher (Appendix B
Figure 3). Nearly all of the additional total average positive mechanical power post-stroke
was produced by the unaffected limb. When compared to the control and paretic limbs, the
non-paretic limb produced almost double the amount of positive mechanical power (0.43 W
kg vs. 0. 24 W kg and 0.25 W kg™’ respectively).

Unimpaired controls have been shown to produce approximately 40 % of the total limb
positive power at the hip joint®, and we hypothesized the hip joint contribution post-stroke
would increase due to compensations resulting from weak ankle push-off. Not only did the
total joint average positive mechanical power increase post-stroke, but as we expected the hip
joint contributed a higher percentage of the total work in comparison to non-disabled
controls. This trend held for both paretic (39% vs. 47%) and non-paretic (39% vs. 49%)
limbs as well as for the limbs combined (39% vs. 48%) (Appendix B Figure 3). This clearly
demonstrates a higher level of reliance on the hip joint during walking post-stroke and is
consistent with previous literature™ *°.

Finally, we hypothesized that the heavy reliance on the hip joint would limit the benefits

of producing positive power at more compliant distal joints, e.g. ankle, and result in a lower
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efficiency for the movement based on the lack of a large series elastic element in series with
muscle. Although there was a trend toward lower joint-level efficiency post-stroke (0.21 vs.
0.28), the reduction was not significant. This finding is in line with previous reports based on
center of mass (COM) mechanics calculations in which hemiparetic muscles performed at
0.20 efficiency *. Upon further examination, it is not that surprising that the overall efficiency
is similar for hemiparetic versus control walking at 0.75 m s'. The apparent efficiency of hip
joint muscle-tendon units at 1.25 m s™' walking speed has been estimated at ~0.24'°, and that
data can be extrapolated, using ankle joint apparent efficiency of 1.18 to yield hip joint
apparent efficiency of 0.18 at 0.75 m s™ . Our data indicated that when comparing
unimpaired controls to the participants at 0.75 m s the net metabolic power increases by 0.9
W kg™ (from 2.1 to 3.2 W kg ™) while the average positive mechanical power summed across
the joints increased by 0.17 W kg™ for a delta efficiency of approximately of 0.19. The
similarity between delta efficiency and hip joint apparent efficiency supports the idea that
elevated metabolic cost of post-stroke walking can be accounted for solely by the additional
work done by inefficient hip muscle-tendon units (paretic and non-paretic limbs).

It is worth noting that when applying apparent efficiencies estimated for ankle (1.18),
knee (0.18), and hip (0.18)*' from unimpaired walking at 0.75 ms™ to post-stroke mechanics
data we underestimate net metabolic power by 16%. This may indicate altered apparent
efficiency of the knee and/or ankle muscle-tendon units post-stroke. We rule out major

differences in hip apparent efficiency between participants and unimpaired subjects due to
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the similarity between delta efficiency comparing populations and the previous reported
apparent efficiency of the hip joint noted above.

Joint power outputs result from the product of angular velocities and moment at a given
joint. Interestingly, our results indicate that deficits in the ankle joint power outputs in the
paretic limb were due to similar deficits in both moment and angular velocity (Appendix B
Figure 2). Therefore, not only do the ankle joint plantarflexors have reduced ability to
produce appropriate forces but an increased joint stiffness'®, may also limit ability to produce
rapid movements and deliver sufficient mechanical power (Appendix B Figure 1)** %%,

In order to improve efficiency and lower energy costs post-stroke, a rehabilitative
program should focus on restoring paretic ankle joint strength, improving the already existing
strength of the hip joints, and/or incorporating wearable robotic devices™. In addition, our
results support the contention by Cruz et al. that it may be beneficial to look into a multi-joint
therapy regiment based on their findings that hip extensor strength is a crucial component in
advancing a person’s gait speed”*. Based upon the results in our study (Appendix B Figures
1-3), the paretic ankle joint consistently acts at a lower performance level which
consequently results in decreased ability to produce adequate amounts of power local to that
joint. If a therapist could implement strengthening regiments focusing on improving range of
motion and muscle strength post-stroke, the amount of power able to be produce would likely
increase and help restore symmetry to the gait pattern in participants. In addition, our results
demonstrate large deficits in ankle angular velocities indicating that exercises targeting

flexibility as well as muscle strength may fully serve the participants. Simultaneously
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focusing on hip joint strength could add additional benefits for helping improve efficiency of
hemiparetic walking. The increased strength of the hip joint would enable the musculature to
bear larger loads and operate at a higher efficiency for a given walking speed. In some cases
where symptoms post-stroke are irreversible, an actively or passively powered rehabilitative
device can be used to help minimize asymmetry”>>’. These devices could focus on
compensating for the shortcomings of the paretic ankle joint in order to restore symmetry
and/or directly power the hip joint to offload the added mechanical demand post-stroke.

It is worth noting a number of limitations in the current study. We were unable to
carefully match size and age amongst controls and hemiparetic cohorts (Appendix A Table
1). This may lead to confounding influences of age and stature on our outcome variables. In
addition, although the average overground walking speed of our participants (0.85 +£0.23 m
s™) was well below normal (1.25 — 1.5 m s™") it was still on the high end for post-stroke
walking (i.e. community ambulatory, relatively high-functioning). Future studies should
address differences between participants across a larger range of function and aim to make
comparisons with closely-matched unimpaired controls across a range of walking speeds.
Finally, some of the assumptions inherent in inverse dynamics analyses regarding the co-
activations amongst agonist and antagonistic muscle pairs as well as energy transfers
amongst joints may be challenged in impaired populations. For example, in unimpaired
walking antagonistic muscles have been shown to account for almost 7% of the actual

musculo-tendon positive work and can result in inverse dynamics underestimates over the
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lower-limb'®. Antagonistic muscles may be relatively more active post-stroke. Future studies
should implement an integrative approach including motion capture, force ergometry,
electromyography (EMG), and perhaps in vivo® and model-based techniques® to address
individual muscular behavior during dynamic walking post-stroke.

Finally, the age differences in our subjects could have led to confounding results. We
showed the paretic ankle joint was weaker in the subjects who experienced a stroke when
compared to the non-paretic ankle joint and the unimpaired controls, but the large age
differential may have attributed to the variations in the gait kinetics and kinematics®® as well
as the after effects of a stroke. Rudolph et al. demonstrated a weakened muscle groups
associated with aging™. The weakness on the paretic side could have been attributed to the
aging process, which was not considered in this study. In future studies, an age-matched

control population would help eliminate age differences apparent in this study.

Conclusions

We analyzed the links between the redistribution of lower-limb joint positive mechanical
power and the elevated metabolic expenditure post-stroke. We found that the total combined
joint (ankle + knee + hip) positive mechanical power for both limbs in the participants was
increased by 34% in comparison to the non-disabled control. As expected from previous
work, the net metabolic power was also increased post-stroke by 51%. Our results suggest
that much of the additional metabolic demand is due to added power output in the paretic and
non-paretic hips. Surprisingly, despite no difference in total joint power-based efficiency

between hemiparetic and control walkers at 0.75 m s, increases in metabolic cost (51%)
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were not proportional to increases in mechanical demand (34%). This may be explained by
altered efficiency of the individual joints post-stroke when compared to unimpaired controls.
For example, asymmetric ankle push-off may reflect underlying disruption of finely-tuned

elastic energy storage and return in an effective catapult mechanism.
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Medial Gastrocnemius Muscle Behavior During Post-Stroke Walking

Introduction

The ankle joint produces nearly half of the total joint mechanical power output in
nondisabled gait® '’ Ankle joint mechanical power is primarily responsible for producing an
efficient push-off that aids in forward propulsion. Furthermore, the plantarflexors (soleus,
medial and lateral gastrocnemius) make up one of the most efficient musculotendon systems
in the body® '*®. The triceps surae muscles (the contractile element CE) act in series with
the long Achilles tendon (the series elastic element SEE) which serves as an effective energy
storage and return mechanism. For example, recoil of the tendinous portion of the medial
gastrocnemius (MG) muscle-tendon unit (MTU) delivers approximately half of the average
positive mechanical power during late stance in both walking and running®®. In essence, the
tendinous tissues act like a catapult mechanism by passively storing energy while being
stretched during stance then injecting the system with that elastic energy via rapid recoil’> .
During tendon stretch, the MG fascicles remain relatively isometric, reducing their metabolic
energy expenditure, owing to the fact that muscle uses more energy to do work than to

22,31,32
produce force™™ "

. If this finely tuned coordination between the SEE and CE is disturbed,
the stored elastic energy may be dissipated and require additional mechanical work from
fascicles at an increased metabolic cost.

There are a number of ways in which the tuning of the catapult mechanism could be

disrupted. One possibility is that the material properties (e.g. elastic modulus) of the
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tendinous tissues in the MG-MTU may be altered by disease state, exercise or normal aging,
to name a few. For example, older adults have been shown to have more compliant tendinous
tissues in comparison to young adults®. As a result, in older adults the tendon was
maintained at a significantly longer length and the fascicles at a significantly shorter length
after the initial stretch during heel strike in comparison to young adults®®. More recently,
studies have begun to investigate tissue property changes in neurologically-impaired
populations, for example, post-stroke®*. Using a dynamometer and ultrasound imaging, Gao
et al. showed that the muscle fascicles undergo substantial contractile property changes, i.e.
shifts in force-length relationship. They conclude that these alterations may lead to joint-level
changes, i.e. increased stiffness, muscle weakness, decreased range of motion, and impaired
motor function®®. Unfortunately, this study did not evaluate the impact of the altered
properties during functional tasks, such as walking.

Computer simulations provide an alternative approach to examine muscle-level dynamics
during function tasks. Recently, a forward modeling simulation study provided an ‘under the
skin’ look at the muscle-tendon interaction mechanics™. Peterson et al. found that the total
positive work across the muscles of the lower limb (paretic + non-paretic) was increased
post-stroke while the total positive tendon work was reduced”. This is an indirect indication
that participants may not be fully exploiting elastic tissues during gait. Though these models
provide a powerful tool to investigate muscle-level questions, their predictions could be
validated with experimental evidence from direct in vivo measurements, i.e. ultrasound

imaging.
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On the experimental side, previous studies using inverse dynamics analysis of
hemiparetic walking have revealed weakened ankle plantar flexors on the paretic side®> 1> 1°,
The resulting asymmetric ankle push-off likely leads to increase collisional losses’ requiring
additional mechanical and metabolic energy for hemiparetic walking compared to
unimpaired controls* > * % '* 1> Unfortunately, these studies only examined the joint-level
mechanics and due to limitation in measurement capabilities could not address potential
differences in contributions of the musculature (CE) versus elastic tissues (SEE) of individual
muscle-tendon units.

The aim of this study was to combine an inverse dynamics analysis with real-time
ultrasound images to elucidate the differences in medial gastrocnemius fascicle length-
change patterns post-stroke when compared to controls at a fixed gait speed.

We hypothesized that during walking at 0.75 m s™', compared to the non-disabled control
MG, 1) the paretic MG muscle fascicles would undergo additional length changes due to
decreased peak ankle joint moments and impaired force production, and 2) the non-paretic
MG muscle fascicles would maintain ‘catapult-like” isometric tuning within the muscle-
tendon unit (MTU). Finally, owing to additional length changes in the paretic MG fascicles,

we expected the total average positive power of the combined (paretic + non-paretic) MGs to

be higher post-stroke.
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Materials and Methods
Experimental Protocol

Eight walkers who had a stroke (participants) and did not use an ankle-foot orthotic
(AFO) (mean =+ s.d., age = 58 + 11 years ; mass = 95 + 19 kg; height = 1.77 £ 0.06 m) and
nine unimpaired controls (controls) (mean + s.d, age =25 £ 5 years; mass = 72 £+ 13 kg;
height = 1.69 & 0.16 m) provided us with an institutional review board (IRB) approved
consent form to participate in this study. A more in depth listing of subject characteristics is
outlined in Appendix A Table 1. All procedures were approved by the University of North
Carolina, Chapel Hill and North Carolina State University institutional review boards (IRB)
and followed the procedures outlined by the Declaration of Helsinki.

All trials were completed on an instrumented treadmill (BERTEC, Columbus, OH, USA)
sett0 0.75 ms™ and lasted four minutes. Each participant wore a harness to reduce the
possibility for falls or injury. The harness did not supply any body weight support. The
participants were discouraged from using the handrails other than for small balance
corrections throughout the trials
Kinetics and Kinematics

An eight camera motion analysis system (VICON, Oxford, UK) was used to capture the
position of 37 reflective markers attached to the pelvis, right leg, and left leg (modified
Cleveland Clinic marker set) at 120 Hertz. Raw marker positions were filtered using a
second-order low pass Butterworth filter with a cut-off frequency of 10 Hertz. A static

standing trial was captured and the positions of the markers on segment endpoints were used
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to calibrate a four segment (comprised of one pelvis, two thighs, two shanks, and two feet)
model on both legs for each subject using established inertial parameter' . Clusters of three to
four markers on rigid plates were attached to the pelvis, thigh, and shank segment to track
segment motion on both the left and right leg during the trials. For the foot, a cluster of three
markers was attached directly to the walker’s shoe. Joint angle for the hip, knee, and ankle
were computed in three dimensions as the orientation of the distal segment with reference to
the proximal segment and differentiated to calculate joint velocities.

The force data was recorded at 120 Hertz during the movement trial at 0.75 m s™ using
two force platforms underneath each belt of the instrumented. The subjects were allowed to
choose their step frequency and length freely, were allowed to grip the handrail while the
treadmill reached the prescribed speed, and were asked to release the handrail once the speed
was obtained. Each participant was required to walk with each foot hitting its ipsilateral
treadmill belt and force platform to ensure that individual limb was contributing to that leg’s
calculations in the double support phase of the gait cycle. The raw force analog data were
filtered with a second-order low-pass Butterworth filter with a cut-off frequency of 35 Hertz.
Inverse dynamic analyses'® were then used to compute net joint moments, which were
multiplied by the calculated joint angular velocities to calculate joint powers for the hip,
knee, and ankle joints. Kinematics and kinetics were calculated for the left and the right leg
individually for the participants, but for the unimpaired controls symmetry was assumed and

the kinetics and kinematics were calculated for the right leg. The calculations of kinetics and
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kinematics were performed using a combination of Visual 3-D software (C-Motion Inc.,
Germantown, MD, USA) and MATLAB (MathWorks, Natick, MA, USA).
Determination of Gastrocnemius Muscle Length Change Patterns

The length-change pattern of the medial gastrocnemius muscle fascicles were measured
during the 0.75 m s™ trial using a B-mode ultrasound probe to collect real-time images™. A
linear ultrasound transducer (LV7.5/60/96Z; Telemed) operating at 8.0 MHz was placed over
the muscle belly of the medial gastrocnemius and aligned so that the muscle fascicles could
be visualized from deep to superficial aponeurosis (Appendix B Figure 6). Images were
sampled at 50 Hz, and a pulse from the ultrasound system that was high (3-5V) during
recording and low (0 V) before and after was used to trigger the collection of the data
simultaneously. A custom MATLAB (MathWorks) program was written to obtain the
fascicle length-change pattern. Two different points were chosen during the digitization of
the image, the deep and the superficial aponeuroses, and the distance between of the two
points was determined to be the length of the fascicle. The pennation angle 6 of the muscle
fascicle was defined as the angle between the digitized fascicle and the superficial
aponeurosis (Appendix B Figure 6). The instantaneous length of the whole medial
gastrocnemius muscle-tendon unit was calculated from the ankle and knee joint angle using

the equations of Hawkins and Hull*®

. The length of the series elastic element (SEE) was
found by multiplying the length of the muscle fascicle by the cosine of the pennation angle 6
and subtracted from the MTU length® (Appendix B Figure 6). This approach neglects any

angle between the aponeurosis and external tendon of the medial gastrocnemius and could
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result in slight underestimation of the SEE length. The initial muscle fascicle length (L) was
recorded at heel strike, and the fascicle length change (A L) was calculated relative to L.
Calculation of the Gastrocnemius Muscle Kinetics

Muscle and tendon forces were unable to be directly measured in vivo. The inverse
dynamics and measured muscle parameters were used to estimate the muscle and tendon
kinetics and kinematics. The force in the Achilles tendon (AT) was calculated as the net
ankle flexion-extension moment divided by the moment arm of the AT in accordance to
previous method®” *®. The instantaneous moment arm of the AT was calculated as the first
derivative of the MG MTU length with respect to ankle angle™*°. The force contribution by
the MG was estimated by multiplying the AT force by the relative PCSA of the MG within
the plantar-flexors*', which was taken as 0.159 (equation 1 in ref. **). This force was
considered the force in the SEE of the MG. To estimate the force in the muscle fascicles, the
force in the SEE was divided by the cosine of the MG pennation angle (equation 2 in ).
This approach to calculate muscle force does not account for any contribution of antagonistic
dorsiflexors to the net ankle moment, although this was assumed not to be significant during
stance phase. This was when the tibialis anterior is minimally inactive*. This PCSA-based
approach also assumes similar relative activations among plantar flexors during the trial.

The velocities of the MG fascicles, MTU and SEE were calculated as the first derivative
of their lengths with respect to time. The power output of the fascicles, SEE, and MTU were
then calculated as the product of respective forces and velocities (equations 3-5). Positive

work done by the fascicles, SEE and, MTU were estimated by integrating the positive
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portions of each component’s power curve. Periods of positive power during the trial were
integrated using the trapezium method, summed, and then divided by the number of strides
taken to calculate average positive work done per stride. This same approach was done for
the negative work calculations except the negative portions of the power curve were

integrated using the trapezium method. These values were divided by stride time to convert

to average power for fascicle, CE (PCJ—;), tendinous tissues, SEE (PS?;E), and whole muscle-

tendon unit, MTU (P,;,—FTU). The ideal (most efficient) scenario would be for the fascicle

power (PCiE) to be zero (fascicle remains isometric) with all power (PﬁTU) supplied by the

SEE (PS{-E), i.e. tuned. In equation 1, Fgg is the force due to the medial head of the medial

gastrocnemius, Fyr is the force due to all plantar flexors, and 0.159 is the relative
physiological cross-section of the MG within the plantar flexors (compared to 0.57 for the
soleus, 0.065 for the lateral gastrocnemius, and the remainder due to other plantar flexors). In
equation 2, F.g is the force in the muscle fascicle and 0 is the pennation angle (in radians). In
equation 3, Pyry is the MTU power and Vi is MG MTU velocity. In equation 4, Pggg 1s
the SEE power and Vs is the SEE velocity. In equation 5, Py is the MG fascicle power and
Vg 1s the MG fascicle velocity.

Fspgp = Fy4r - 0.159 (1)

Feg = Fegg - (cos6)7* (2)

Pyry = Fsge " Vuru (3)
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Pspp = Fsgg " Vsgg 4)

Peg = Fug " Vee ®)

The key outcome variables identified at 0.75 m s™ were the maximum force produced by
the fascicles (Fygmax); the percent of the stride when maximum fascicle force occurs; the
velocity of the CE ( Vg), SEE (Vsgg), and MTU (V) at the time of maximum fascicle
force; the length change of the CE (ALcg), SEE (ALggg), and MTU (AL 7y ) at the

maximum fascicle force; and the average positive and negative mechanical power outputs for

the MTU and its elements %; %; PMiTU .
Statistical Analysis

For each individual, kinematic and kinetic data were averaged over 8-10 strides. Group
means and standard deviations were then computed and, unless otherwise stated, these values
are the values represented in the text. To test for differences in outcome variables listed
above between conditions (paretic, non-paretic and control), an ANOVA with a Bonferroni
adjustment was used. We used Tukey post-hoc tests was performed to make pair-wise
comparisons between the paretic, non-paretic, and control limbs for significant variables. For

all statistical tests, an a level of 0.05 was set as the threshold for significance.

Results
Our participants had a stroke at least six months prior to this study. They walked with an
average preferred walking speed of 0.85 + 0.23 m s and were on average 58 + 11 years of

age. The non-disabled controls were on average 25 + 5 years of age.
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Ankle Powers, Moments, and Angular Velocities

The non-paretic peak ankle power (Appendix B Figure 7) was significantly higher than
the paretic peak ankle power (1.89 W kg™ vs. 0.77 W kg™) while walking at 0.75 m s™
(ANOVA: p = 0.002), but neither were different from controls. Differences in peak
plantarflexor moment (-1.07 Nm kg™ vs. -1.30 Nm kg™') (ANOVA: p = 0.02) and peak
plantar flexor angular velocity (ANOVA: p = 0.005) contributed to the observed differences
in power production between the paretic and non-paretic ankle joint.

Muscle Mechanics

In the non-disabled controls walking at 0.75 m s™', the MG MTU underwent a classic
stretch-shortening cycle through the first 70% of the gait cycle (Appendix B Figure 8). The
majority of the non-disabled MG MTU length-change was taken up by stretch and recoil of
the SEE, while the CE remained relatively isometric.

The control MTU exhibited more shortening near the end of stance in comparison to the
paretic and non-paretic MG MTU. In the CE behaviors, the control, paretic and non-paretic
fascicles remained relatively isometric up until 40% of the gait cycle. Then, the non-paretic
CE lengthened while the control CE began to shorten and the paretic CE maintained
isometric behavior (Appendix B Figure 9). The control and non-paretic SEE experienced a
larger range of motion in comparison to the paretic SEE. There was also less recoil in the
paretic SEE late in the gait cycle.

Despite these qualitative differences in length-change patterns within the muscle-tendon

unit, we found few significant differences when comparing between the control, paretic, and
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non-paretic MG. The only significant difference seen in the length-change pattern was that
the non-paretic CE lengthened significantly more in comparison to the control CE at the time
of peak muscle fascicle force (Fygmax), -3-0 mm vs. 2.2 mm (ANOVA: p = 0.04),
respectively (Appendix A Table 4).

Forces in paretic and non-paretic MG remained higher throughout stance and reached
peak values earlier in stride when compared to the control MG (52% - C, 47% - NP and 48%
- P). We did not find any significant differences in the force production of the MTU, CE and
the SEE across the three limbs (non-paretic =294 + 100 N; paretic = 263 + 99 N; control =
260 +87 N).

The MG MTU peak in magnitude of power occurred after the time of peak force (~60%
of stride) and trended higher in the control MG MTU (19 £ 5 W) in comparison to the paretic
(15 £ 16 W) and non-paretic (17 £ 18) MG MTUs. Differences in peak power output were
due to differences in peak shortening velocities for the MG MTUs and the controls (83.35 +
30 mm s™') had higher magnitudes in the peak power output in comparison to the paretic
(53.38 £ 21 mm s™') and non-paretic (63.6 £ 17 mm s) MG MTUs. There were no
differences in MG MTU velocities at the time of maximum force (ANOVA: p =0.13)
(Appendix A Table 4). Although there were deviations in positive peak power production in
the MG MTU, neither the average positive or negative mechanical power output of the MG
MTU were significantly different between limbs (Appendix A Table 3 and Appendix B

Figure 11).
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The MG fascicles maintained low magnitude velocities (less than 50 mm s™) for paretic,
non-paretic and control limbs through stance indicating relatively high level of isometry,
even post-stroke. Though MG CE velocities did not largely fluctuate, the combination of
slightly higher force and significant lengthening velocity beginning at approximately 30% of
the gait cycle resulted in both non-paretic (-2.09 &+ 0.78 W) and paretic (-2.06 = 0.62 W) MG
CEs absorbing significant amounts of mechanical energy when compared to control (-0.67 +
0.64 W) (ANOVA: p =0.0002) (Appendix A Table 3 and Appendix B Figure 10).

The MG SEE forces and velocities behaved similarly to the MG MTU indicating a large
of amount of decoupling between the fascicles and whole MTU due to significant
compliance in the MG MTU. Up until 40% of the stride, the control, paretic, and non-paretic
MG SEE:s store significant amounts of strain energy. The control and paretic limbs continue
to store elastic energy until about 50% of the stride while the non-paretic MG SEE begins to
recoil much earlier (Appendix B Figure 10). Despite these differences in timing of recoil, the
average MG SEE mechanical power output did not differ across limbs (Appendix A Table).

There were no significant differences in relative contributions of MG CE versus MG SEE
to total average positive mechanical power output with all limbs roughly following 40% CE
and 60% SEE (Appendix B Figure 11). The control MG MTU (80%) absorbed a much larger
portion of average mechanical power in the SEE in comparison to paretic (52%) and non-

paretic (51%) SEEs (ANOVA: p <0.0001).
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Discussion

In this study, we compared the muscle-tendon interaction mechanics within the medial
gastrocnemius muscle-tendon unit during walking between hemiparetic and unimpaired
control participants. We used a novel combination of inverse dynamics calculations and real-
time ultrasound images following the approach of Farris et al**, which allowed us to
independently address the mechanics of the whole MTU as well as its component CE and
SEE.

We hypothesized that the behavior of the MG muscle fascicles (i.e. CE) in the paretic
limb would be altered as a result of the inability to produce adequate plantarflexor
forces/moments at the ankle. Our data did not support this contention. Though the peak ankle
moments for the paretic limbs were approximately 14% lower in the paretic limb in
comparison to the control and non-paretic limbs (Appendix B Figure 7), the forces produced
by the MTU, CE, and SEE were comparable among the limbs (Appendix B Figure 10). This
disconnect is likely due to differences in posture (i.e. ankle joint angles) that may impact the
moment arm of the MG MTU throughout the stride. As a result of undiminished force
generation compared to controls, the paretic MG fascicle length-change behavior was not
altered. This was indicated by no difference in length-change of the CE at the time of
maximum force between paretic and control limbs (Appendix A Table 4 and Appendix B
Figure 8-9). It is worth noting that the behavior may not hold for faster walking speeds where
demand for force is likely increased. However, in that case it may still be possible to

maintain isometric fascicles if there are accompanying adaptations in the material properties
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within the MTU?*. For example, increased compliance of the SEE could allow for the CE to
operate at more favorable lengths for force production in order to maintain isometric
tuning>.

In contrast to the paretic MG, we expected that intact force production capability in the
non-paretic MG muscle fascicles would maintain isometric tuning and a functional catapult
mechanism similar to the control MG. Although as expected the peak forces were no
different than controls, to our surprise the non-paretic muscle fascicles exhibited 173% more
lengthening in comparison to unimpaired controls at the time of the maximum force
production (Appendix A Table 4 and Appendix B Figures 9-10). A likely factor behind this
finding is that mistimed and asymmetric propulsion mechanics inherent in post-stroke
walking cause more violent collisions, especially in the non-paretic leading limb. These
collisions require additional energy dissipation as indicated by large amounts of energy
absorption (i.e. negative power outputs) during stance in the non-paretic ankle joint and MG
MTU (Appendix B Figure 7 and 10). The non-paretic MG muscle fascicles undergo
significantly more lengthening and absorb large amounts of mechanical power (~2 W)
between 30 and 50% of the stride. Interestingly, paretic MG fascicles absorb similar amounts
of mechanical energy (~2 W). Rather than recycling additional energy in elastic tissues, both
paretic and non-paretic limbs dissipate energy in the MG fascicles (Appendix B Figure 11).
This is especially notable in the non-paretic MG where energy absorbed by fascicles results

in a shorter period of energy storage in the elastic tissues as compared to paretic and control
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MG (Appendix B Figure 10). As such, fascicle energy occurs simultaneous with SEE recoil
(~40-50% of stride) resulting in ‘backfire’ of energy in the non-paretic MTU.

Our data indicated no significant increase in the overall positive fascicle work done by
the paretic + non-paretic MG in comparison to the combined (left + right) control MG
fascicles. To our surprise, the muscle-tendon interaction in the paretic MG was similar to
controls, and although there were changes in the non-paretic muscle-tendon interaction (i.e.
additional fascicle lengthening), they tended to increase negative rather than positive fascicle
work. A computer simulation study by Peterson et al. concluded that during the period of
pre-swing the total (paretic + non-paretic) net fiber work across the lower limb was higher
during hemiparetic vs. unimpaired walking®. Although our data for MG indicate no
differences in paretic + non-paretic versus controls for average positive power of the MG CE,
there was an increase negative work post-stroke. This is consistent with Peterson’s data for
the gastrocnemius muscle during simulated walking indicating a decrease in net work of the
gastrocnemius pre-swing in the paretic limb?’.

Interestingly, the manner in which positive mechanical power is partitioned across the
components of the MG MTU (40% CE and 60% contributions) post-stroke did not deviate
from unimpaired walkers at 0.75 m s™. This suggests that the ankle joint apparent efficiency
should remain relatively high post-stroke and comparable to intact walkers. Based on
Sawicki et al., at 0.75 m s™ every 1 Joule of ankle joint mechanical work would require 0.85

J of metabolic energy (apparent efficiency equals 1.18)*'. Therefore, elevations in metabolic
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energy consumption post-stroke are likely dominated additional mechanical work performed
by proximal muscle-tendon units (i.e. hip).

Our future research will aim to extend our in vVivo approach in order to study other
plantarflexors (i.e. soleus) and evaluate their neuromechanical performance. This is
important because mechanical power production could be shifted to other muscles acting at
the ankle or other joints post-stroke’. Furthermore, combining measurements of muscle
activation (e.g. electromyography EMG) with muscle-level mechanics measurements (i.e.
ultrasound imaging) may further improve our understanding of the consequences of disrupted
reflexes post-stroke. For example, it is clear that motor synergies and interactions of stretch
reflexes in hip and knee muscles are disrupted post-stroke*>*’. However, clear links between
altered muscle length-change patterns and muscle stretch reflexes remain elusive. This issue
is particularly pressing for muscle with long series tendons where joint-level excursions are
not necessarily representative of underlying fascicle length changes™.

It’s worth noting limitations with both our experimental and musculoskeletal modeling
approaches to studying muscle-tendon interaction in impaired populations, such as stroke.
Future studies should attempt to characterize these changes for more muscles of the lower
limb (e.g. Gao et al’*) and integrate them into model predictions. Similarly, our in vivo
approach extends assumptions used in non-disabled populations that may not hold post-
stroke. For example, we assumed the amount of force produced by the medial gastrocnemius

muscle is approximately 15% of the total force of the ankle extensors based on past research
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documenting relative contributions to total cross-sectional area of the triceps surae muscle
group™. Heterogeneous muscle atrophy may challenge this assumption post-stroke.

One major limitation is the age for the participants (58 + 11 years) and the unimpaired
controls (25 + 5 years). It has been shown muscle strength decreases typically with age®*,
which could have majorly affected our results, but the non-paretic average positive power
outputs for the CE values were comparable to the controls (Appendix A Table 3 and
Appendix B Figure 11). This indicates the muscles in the participants were able to produce

the adequate forces and were not subject to major muscular atrophy. Future studies will have

age-matched controls with the participants to minimize any age-related effects.

Overall Conclusions and Future Directions

Because a stroke is such a debilitating disease that affects a large number of people,
researchers have been diligently working to understand the joint mechanics, muscle
mechanics, and metabolic energetics underlying post-stroke walking. The main goals of these
investigations was to improve our basic understanding of hemiparetic gait in order to help
design rehabilitation regimes or better assistive devices capable of restoring mobility and
quality of life for people who have survived a stroke.

The goals of these studies were: 1) to link joint mechanics with metabolic energy
consumption and better understand the mechanisms behind elevated energy consumption
post-stroke and 2) to perform an in vivo investigation in order to examine potential alterations
in muscle mechanics of one of the major muscles of the triceps surae, i.e. medial

gastrocnemius muscle.
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We found that the total average summed positive power output from the combined lower-
limb joints during hemiparetic walking was 37% higher in comparison to the non-disabled
walking. We also found that the non-paretic limb did nearly double the amount of
mechanical work when compared to the paretic and control limbs, demonstrating a severe
asymmetry in power production. In order to compensate, the hip joint positive power
production increased in both the paretic and non-paretic limbs by 60% when compared to
combined unimpaired hip joints. Surprisingly, this did not result in a lower mechanical
efficiency post-stroke because the hip joint efficiency is similar to the overall efficiency of
walking at 0.75 m's™.

At the muscle-level, we found that the medial gastrocnemius muscle-tendon unit
maintains a relatively tuned catapult mechanism through the majority of stance phase in both
paretic and non-paretic limbs when compared to controls. A notable exception was in late
stance when both paretic and non-paretic MG muscle fascicles absorbed considerable
amounts of mechanical energy. Despite differences in the absorption (i.e. average negative
power production), the portion of average positive power muscle versus tendon was not
altered compared to controls (60% tendon and 40% fascicles). As such, the ankle joint
apparent efficiency is likely not altered post-stroke.

Future studies could analyze other muscle groups post-stroke to determine how their
behaviors are altered post-stroke. This work could bring insight to therapists and engineers

alike and could help with the rehabilitation outcomes for people who have had a stroke. In
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particular, our joint and muscle level approaches provide a powerful tool for determining
which joint/muscles should receive focus in a given individual. Furthermore, these results
indicate that robotic devices design to improve paretic ankle joint push-off could
significantly reduce metabolic demand of post-stroke walking by reversing compensations

seen at proximal joints (e.g. hip).
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Table 1: Listing of participant characteristics. For the ‘stride time asymmetry metric’ reported in the last column, a perfectly symmetric gait scores zero.

Time Preferred Stance Time
since Over-ground Asymmetryin  Asymmetry?
Age Mass Height stroke Paretic speed Stance Time Metric
Patient (vears) (kg) (meters) (vears) Side (m s?) (%) (%)
1 54 %0 1.73 28 Left 1.02 43/57 23
2 45 69 1.75 5 Left 0.52 41/59 31
3 49 80 1.711 4 Left 0.74 46/54 16
4 56 82 1.77 4 Right 1.15 49/51 5
3 67 119 1.79 10 Right 0.78 49/51 4
6 80 90 1.72 S Right 0.62 41/59 27
7 56 106 1.74 1 Left 0.88 43/57 23
8 55 121 1.91 7 Right 1.10 44/56 21
Mean£SD 5811 9519 1.77£0.06 9+8 N/A 0.85+0.23 45/55+£3/3 1910
Control 255 7213 1.69+0.16 N/A N/A N/A N/A N/A

Average combined positive and negative power (W) for the CE and the SEE of the control, paretic and non-paretic limb. The red shows the CE power
contributions, where as blue represents the SEE contributions. Statistical significance is noted by: * = paretic different than control; # = non-paretic is

different than control (p < 0.05).
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Table 2: Average positive and negative powers (W kg) for the hemiparetic and the non-disabled control
participants. The table shows the individual joint and total leg contributions. The various symbols indicate
the significant differences (*: paretic different than non-paretic, #: non-paretic different than the control).

Control Hemiparetic

Paretic Non-Paretic p-value
P ke 0.10+£0.04 0.08 £0.04 0.16 £0.07 0.02: +
P e 0.05+0.02 0.05+0.03 0.06 +£0.04 0.37
P 0.10+0.04 0.11+£0.04 0.21+0.07 0.0003: .«
Z*joims 0.25 £ 0.03 0.24 £ 0.07 0.43 £0.09 p <0.0001: «»
P ke -0.11 +0.03 -0.15+0.03 -0.15+0.05 0.13
P lce -0.14 £0.03 -0.11 +0.03 -0.15+0.03 0.04: -
Py, -0.04 +0.03 -0.05+0.03 -0.04 +0.03 0.65
Z‘joims -0.29 £ 0.05 -0.31 + 0.07 -0.34 £ 0.10 0.44

Table 3: Average positive and negative powers (W) for the control, paretic, and non-paretic MTU, CE, and
SEE. The various symbols indicate the significant differences (*: paretic different than non-paretic, #: non-
paretic different than the control).

Control Hemiparetic
Paretic Non-Paretic p-value
P vru 211£0.66  1.65+0.70 1.73 £0.94 0.43
P'ce 1.38 +0.81 1.34+£0.63 1.44 +0.97 0.97
P'seE 210+£1.04  1.88+0.68 2.55+0.77 0.29
Dtpprce 348 +1.64 3.22+1.18 3.99+1.51 0.57
Pwvru -1.59+£0.74  -1.29+0.71 -1.95+0.79 0.32
Pk -0.67+0.64 -2.05+0.62 -2.09+0.78 0.0002: *, #
| -229+1.19 -2.25+0.66 236+ 141 0.99
Y sEpsce -2.97+1.61 -4.43+1.23 -4.45+2.16 0.14
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Table 4: Maximum force of the MG muscle fascicles (N) for the control, paretic, and non-paretic limbs. Also the percent stride (%), the change in
length (mm) and velocity (mm s™) of the MTU, CE, and SEE all recorded at the point in time of the gait cycle of the maximum force (@ Fmax). The
significance between control and non-paretic MG is indicated with #.

Control Hemiparetic

Paretic Non-Paretic p-value
Max Force (N) 260.2 +£87.3 263.84 + 98.6 294.1 £100.2 0.73
% Stridegrmax 52+3 48 +4 47+ 4 0.05
A LMTU@Fmax (MmM) 9.3+3.0 13.3+4.8 149+6.4 0.07
A LcE@Fmax (mm) -3.0+3.6 -02+2.7 22+£53 0.04: #
A Lsgg@rmax (mm) 12.6 +£3.5 13.0+5.7 12.4+9.1 0.98
?MTU@FmaX (mm s™) 1.8+ 11.6 13.2+9.1 12.1+15.7 0.13
VCE@Fmax (mm s™) -59+23.8 02+11.5 18.7+36.2 0.15
VseE@Fmax (mm s™) 6.7+27.1 137116 8.8+35.0 0.24
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Appendix B — Figures

Figure 1: Mean lower-limb joint angles (degrees) for post-stroke hemiparetic and neurologically intact
control participants during walking at 0.75 m/s. Ankle (top panel), knee (middle panel) and hip (bottom
panel) joint angles are plotted over a stride from heel strike (0%) to heel strike (100%) of the same limb.
The solid black line represents the paretic limb, the dashed black line represents the non-paretic limb, and
the gray line represents the control limb.
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Figure 2: Ankle, knee and hip moment (N m™), angular velocity (degrees s™), and power (W kg ™). The solid black line represents the paretic limb, the
dashed black line represents the non-paretic limb, and the gray line represents the control limb.
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Figure 3: Total average positive power production for post-stroke hemiparetic and unimpaired control
participants during walking at 0.75 m s'. The large pies represent the combined limb contributions to the
total average positive mechanical power (W kg) and are further broken down into each individual limb
(two smaller pies below). Each pie is broken down into the different joints of the lower limb (ankle = black,
gray = knee, and white = hip). The diameter of the pies is scaled to indicate the magnitude of positive
power produced by that limb.
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Figure 4: Total average negative power production for post-stroke hemiparetic and unimpaired control
participants during walking at 0.75 m s™'. The large pies represent the combined limb contributions to the
total average positive mechanical power (W kg) and are further broken down into each individual limb
(two smaller pies below). Each pie is broken down into the different joints of the lower limb (ankle = black,
gray = knee, and white = hip). The diameter of the pies is scaled to indicate the magnitude of negative
power produced by that limb.
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Figure 5: Net metabolic power (W kg™) (mean = sd) for unimpaired controls (white bar) (n=9) and post-
stroke hemiparetic (gray bar) (n=8) participants during walking at 0.75 m s'. Asterisk indicates significant
difference between hemiparetic and control (p<0.05).
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Figure 6: Placement of the ultrasound probe over the muscle belly of the medial gastrocnemius muscle.
The pennation angle ® is defined as the angle between digitized fascicle and the superficial aponeurosis;
is the length of the digitized fascicle; is the length of the series elastic element — i.e. Achilles
tendon (AT); is the length of the MG MTU; SA is the superficial aponeurosis; DA is the deep

aponeurosis; US is the ultrasound probe; SOL is the soleus muscle of the triceps surae

1 Lsgg = Lyrry - (Leg - c0s@)




Figure 7: Ankle powers (W kg™'), moments (N*m kg™"), and angular velocities (degrees sec™) for the
paretic (dark solid green line), non-paretic (dark green dashed line), and control (light green solid line)

limbs over a full stride.
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Figure 8: Length-change patterns (mm) of a unimpaired control muscle-tendon unit (MTU), fascicle (CE),
and series elastic element (SEE). Light green represents the MTU, light red represents the CE and the light
blue represents the SEE.
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Figure 9: Length-change pattern (mm) of the MTU, CE and SEE for the paretic, non-paretic and control
MG. The curves are grouped by the muscle fascicle MTU component. The green represents the MTU, red
represents the CE, and the blue represents the SEE. The solid lighter line represents the control MG, the
darker solid line represents the paretic MG, and the dashed darker line represents the non-paretic MG.
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Figure 10: Force (N), velocity (mm s™') and power (W) of the MTU, CE and SEE for the control, paretic and non-paretic MG. Panels A-C show the
MTU force, velocity, and power (shown in green); panels D-F show the CE force, velocity and power (shown in red), and panels G-I show the SEE
force, velocity, and power.
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Figure 11: Average combined positive and negative power (W) for the CE and the SEE of the control,
paretic and non-paretic limb. The red shows the CE power contributions, where as blue represents the SEE
contributions. Statistical significance is noted by: * = paretic different than control; # = non-paretic is

different than control (p
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