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Abstract

Individuals with unilateral transtibial amputations experience greater work demand and loading
on the intact limb compared to the prosthetic limb, placing this limb at a greater risk of knee
joint degenerative conditions. It is possible that increased loading on the intact side may occur
due to strength deficits and joint absorption mechanics. This study investigated the intact limb
mechanics utilised to attenuate load, independent of prosthetic limb contributions and
requirements for forward progression, which could provide an indication of deficiencies in the
intact limb. Amputee and healthy control participants completed three unilateral drop landings
from a 30 cm drop height. Joint angles at touchdown, range of motion, coupling angles, peak
powers, and negative work of the ankle, knee and hip were extracted together with isometric
quadriceps strength measures. No significant differences were found in the load or movement
mechanics (p > .312, g < 0.42), despite deficits in isometric maximum (20%) and explosive
(25%) strength (p <.134, g>0.61) in the intact limb. These results demonstrate that, when the
influence from the prosthetic limb and task demand are absent, and despite deficits in strength,

the intact limb adopts joint mechanics similar to able-bodied controls to attenuate limb loading.

Keywords: quadriceps strength, knee osteoarthritis, joint loading, amputee

Word Count: 4290/4000
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Introduction

Previous research on individuals with a transtibial amputation (ITTAS) has suggested
that the mechanics of the prosthetic limb may influence the intact limb mechanics, and
subsequently the magnitude and rate of load experienced in walking®?, running®#, and start-
stop tasks.® This is postulated to result from the inability of the prosthesis to generate the
propulsion required to continue forward progression! or, in bilateral jump landings, from
inadequate absorption of high forces through the prosthesis.® These interactions between the
prosthetic and intact limb mechanics may explain the altered shock absorption approach
observed in the intact limb (i.e., reduced joint angles and powers) during the initial loading
response phase of running, step/stair negotiation, and bilateral jump landing.*¢® Thus, the
intact limb must perform greater work to either continue forward progression or arrest the
lowering of the centre of mass®, which results in high load compared to the prosthetic limb.%°
However, no research has assessed the shock absorption approach of the intact limb to attenuate
load without the influence of the prosthetic limb and the requirement to continue forward
progression. This could provide an indication of deficiencies in the intact limb following

amputation, which may be useful for informing rehabilitation protocols.

A unilateral drop landing onto the intact limb can be used to examine joint mechanics
and load attenuation in response to a consistent vertical momentum. Reducing vertical
momentum is required in many movements such as walking, running, and jump landings, and
occurs through joint flexion and eccentric work to efficiently absorb rapid impact forces.
Deficiencies in muscle strength of the knee extensors may also play a role in load attenuation.
Decreased maximum muscle strength has been identified as a key risk factor accompanying
degenerative loading diseases'! and has been suggested as an indication of increased limb
loading.*>*® Furthermore, frontal plane knee valgus motion can be increased 3-fold from

decreased quadriceps muscle force,'**®> which has been identified as a risk factor associated
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with joint degeneration.’® Increasing trunk flexion when landing has been found as a
compensatory strategy to reduce the reliance on the eccentric contraction of the quadriceps.
Greater trunk flexion is related to greater flexion at all lower-limb joints when landing from a
jump which could aid in reducing knee joint loading.*"'® Substantial deficits in quadriceps
muscle strength of 30-39% have previously been reported in the intact limb of ITTAs compared
to able-bodied individuals;***°® however, it is currently unknown how the intact limb may

accommaodate for decreased quadriceps strength.

When landing from a jump, the time to develop muscular force to control joint motion
is limited. Generation of rapid muscle force has been shown to be important for re-stabilisation
of the lower-limb joints following mechanical perturbations.?%?2 The inability to stabilise and
prevent the rapid flexion of the knee joint during jump landings can lead to various acute and
repetitive knee overloading injuries, e.g. osteoarthritis and non-specific knee pain.?® Rapid
muscle force production has not been examined in ITTAs yet could provide important

information on the ability to initially stabilise the joints upon landing.

A study assessing bilateral jump landings® found that the intact limb of ITTAs
underwent a smaller range of motion (ROM) at all lower-limb joints compared to the control
population and experienced significantly greater peak vertical ground reaction force (VGRF).
This suggests that ITTAs utilise a more extended landing strategy in the intact limb. However,
the ITTA study assessed a bilateral landing, thus, the restricted mechanics from the prosthesis
could have influenced the results. Reduced lower-limb joint flexion is possibly a compensation
to limit the eccentric work required from the knee joint musculature?, yet this may lead to the
impact forces being absorbed by the surrounding tissue structures.?® Individuals who perform
a more extended landing strategy also utilise a different joint absorption approach as measured
by joint power and work.2%%” While the knee joint is a consistent contributor to dissipating the

kinetic energy, the percentage contribution of the ankle and hip joint work can be altered as the
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degree of knee flexion during landing changes.?®?® These studies suggest that specific
coordination strategies of the lower-limb joints may be related to the load experienced. It is
possible that without the influence from the prosthetic limb, the intact limb may be able to

adopt a more flexed landing strategy thereby reducing the limb and joint load experienced.

In ITTAs, the intact limb is at a greater risk of experiencing knee pain, subsequent joint
degeneration, and the development of comorbidities when compared to the prosthetic limb and
the general population.?®3! The pathogenesis of joint degeneration is thought to stem from
repetitive overloading in a limb®?, however, only one study has been conducted on landings in
the ITTA population® where only the peak VGRF was assessed. Research assessing overloading
injuries has examined various discrete features within the GRF®3, knee joint moment®**®, and
knee intersegmental force®%3” waveforms. There is no clear consensus on the most appropriate
reduction of these loading waveforms to assess overloading associated with joint degeneration.
Statistical parametric mapping is an approach which analyses a waveform in its original
temporal-spatial format3® to remove the bias from an a priori approach when assessing limb or

joint loading.

The purpose of this study was, therefore, to investigate limb loading in the intact limb
of ITTAs compared to able-bodied controls during a unilateral drop landing, independent of
prosthetic limb interactions and the requirement of forward progression; and assess the
mechanisms underpinning any differences, including quadriceps maximal and rapid muscle
force production and joint absorption mechanics. It is hypothesised that, compared to the
control limb, the intact limb will 1) present with reduced quadriceps muscular strength and
rapid muscle force production, 2) experience a greater magnitude of load throughout the
absorption phase as assessed by examining the loading pattern using statistical parametric
mapping, and 3) perform altered discrete joint mechanics in the sagittal plane for the ankle,

knee, and hip joints and altered trunk flexion and knee joint valgus motion.
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Methods

Eight recreationally active ITTAs and twenty-one controls volunteered to participate in
the study (Table 1). Ethical approval was obtained from the University of Roehampton’s Ethic
Committee (LSC 16/176) and the National Health Services Health Research Authority
(17/NW/0566). All participants provided written informed consent prior to any assessment.
Inclusion criteria required all participants to be physically active (i.e. requiring moderate or
greater physical effort) a minimum of 2-3 days per week. Participants were excluded if they
had sustained a musculoskeletal injury in the six months prior or were experiencing pain in
their back or lower-extremities. ITTAs included in the study had a grading of K3/K4, as
determined by their physicians, to ensure that the participants could perform high impact
movements safely. A K3/K4 level is defined as an amputee that has the ability or potential to
negotiate environmental barriers and for prosthetic ambulation that exhibits high impact, stress,
or energy levels. ITTA participants had amputations due to traumatic incidents (e.g.,
automobile accident) and were a minimum of 6-months post-amputation (mean £ SD: 12.2 +

11.5, range: 1.5-29 years) (Table 1).

All strength and biomechanical features were extracted from the intact limb of ITTAs
(n = 8) and the dominant control limb (n = 21). Dominance was defined as the limb that was
chosen first to complete a unilateral landing. Participants attended three data collection sessions
each separated by 3-7 days: 1) familiarisation of strength measures, 2) strength data collection,
and 3) biomechanical testing of drop landings. The data were collected in the order presented

below for all participants.

Strength Data Collection: Quadriceps isometric strength data were collected using an
isokinetic dynamometer (Humac Norm, Massachusetts, USA). The knee joint angle was set so

that the angle during active maximal extension was 110° and the hip angle was set to 100° (full
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extension = 180°). Adjustable straps across the pelvis and shoulders were tightened to ensure
no extraneous movement. Arm placement during contractions was chosen by the participants
and typically consisted of crossed arms over the chest or by their sides holding handles. The
torque signal was sampled at 2000 Hz using an external A/D converter (16-bit signal recording
resolution; Micro 1401, CED, Cambridge, UK) and interfaced with a PC using Spike 2 software
(version 8; CED). All torque data were filtered using a fourth-order Butterworth filter with a
cut-off frequency of 10 Hz, and were corrected for the weight of the limb by subtracting

baseline resting torque.

Participants performed a series of warm-up contractions of increasing torque values for
2-3 minutes. Following the warm-up, three maximal voluntary isometric contractions lasting
~3 s each were performed with a ~45 s rest in between each attempt. Additional attempts were
required if peak force continued to increase with each subsequent effort. The only instruction
provided was to ‘push as hard as possible’ and strong verbal encouragement was given
throughout the contraction to encourage maximal effort. Real-time biofeedback of the torque-
time curve and the peak torques achieved in each contraction were provided on a computer
monitor in front of the participants. Maximum voluntary torque (MVT, considered a measure
of maximum strength), was determined as the greatest peak torque recorded during any

maximal or rapid muscle force contractions (see below), and normalised to body mass.

Rapid muscle force contractions were performed separate to the maximal
contractions.3®4% Participants completed 10 rapid muscle force isometric contractions each
separated by ~20 s rest. Participants were instructed to ‘push as fast and as hard as possible’
for ~1 s, with an emphasis on ‘fast’, and aimed to achieve a minimum of 80% of MVT as
quickly as possible. Real-time biofeedback was again provided to denote the participant’s best
performance; the peak rate of torque development (RTD) was highlighted from the slope of the

torque-time curve (15 ms time-constant). Resting torque was additionally monitored to ensure
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that no countermovement or pre-tension occurred before the contraction. Peak RTD was
averaged from the three rapid muscle force voluntary contractions with the highest peak

RTDs* and expressed relative to body mass.

Biomechanical Data Collection: Joint motion data were captured at 200 Hz using
twelve Vicon Vantage V5 motion capture cameras (Vicon, Oxford, UK) and force data were
sampled at 1000 Hz using Kistler force platforms (Type 9281c; Kistler, Hampshire, UK).
Kinematic and kinetic data were filtered using a fourth-order low-pass Butterworth filter with
cut-off frequencies of 15 Hz and 200 Hz, respectively, in Vicon Nexus 2.6.1.%2 Data extraction
and analysis was performed using custom-made code in MATLAB (R2017a, The Mathworks

Inc, Natick, MA).

Retroreflective markers (14 mm) were placed on the skin according to the Plug-In-Gait
full-body marker set.*® Drop landings were performed from a custom-made hanging frame that
was vertically adjusted to ensure all participants landed from a drop height of 30 cm based on
the distance of the heel of the shoe from the ground as measured by a ruler. Participants were
given time to become comfortable with the required movement (typically 2-5 trials) to ensure
stable recovery. Trials were excluded if the participants raised their centre of mass by pulling
themselves up on the bar prior to dropping, did not land with their foot fully on the force
platform, or were unable to recover from the drop as denoted by stepping with their
contralateral limb. Data collection continued until three ‘successful’ trials were captured.*

Data were averaged from the three trials to be used in further analysis.

All loading and movement features were extracted from the absorption phase of
landing. This phase was defined from touchdown, based on a 20N threshold in the VGRF,
through to maximal knee flexion. The duration of the absorption phase was calculated in

seconds as a measure of the time taken to absorb the impact forces from landing. The loading
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waveforms extracted for analysis including the GRF, knee moments, and intersegmental knee
forces in all three planes of motion. Knee moments and intersegmental knee forces were
derived from inverse dynamic calculations using the Plug-In-Gait model in Vicon. Loading
waveforms were linearly time-normalised to 100% of the absorption phase based on the
average length of the phase across all participants (40 frames) to avoid over-stretching or -

shrinking of the data.*®

Discrete movement features were extracted from the sagittal plane ankle, knee and hip
joints including touchdown angles, ROM, coupling angles, peak absorption powers, and
negative joint work. ROM was determined as the difference from minimal to maximal flexion
during the absorption phase. Joint coordination coupling angles were derived from angle-angle
plots (Figure 1A) and represents the angle of the vector between two adjacent points relative
to the right horizontal (Figure 1B).64” The calculated coupling angle can lie anywhere between
0° and 360°, where 0°, 90°, 180°, and 270° represent single joint movement and 45°, 135°,
225°, and 315° indicate equal motion between the two joints*® (see Figure 3). The average
coupling angles were calculated for the ankle-knee, knee-hip, and hip-ankle joint pairs from
touchdown to peak VGRF to assess the initial loading coupling strategy.*® Negative joint work
was calculated as the area under the negative portion of the power-time curve using the
trapezoidal rule. Trunk flexion angle at touchdown and ROM during the absorption phase were
additionally extracted. This ROM was calculated based on angular change of the vertical axis
and the vector defined by the shoulder and anterior superior iliac spine markers during the
absorption phase. Lastly, in the frontal plane, knee joint touchdown angle and ROM were

extracted.

All data were normally distributed as determined by the Shapiro-Wilk test of normality
for the discrete features and D'Agostino-Pearson K2 normality tests in SPM for the loading

waveforms. To assess differences between the intact and control limbs, independent t-tests
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were performed for all strength, loading, and movement features. Loading waveforms were
assessed using statistical parametric mapping.*® Hedge’s g was calculated to aid in the
understanding of the results and was interpreted as a small (0.2), medium (0.5), or large effect

(0.8).50
Results

Participant demographics were not significantly different between groups for age,
height, or mass, although there was a moderate-to-large effect (g = 0.69) for ITTAs to be older
than controls (Table 1). Average drop landing height for both groups was 30.7 + 3.4 cm and
was not significantly different between groups (p = .170, g = 0.34; ITTA: 31.6 + 3.4 cm,
Control: 30.4 + 3.4 cm). The duration of the absorption phase was also similar between groups

(p=.798,g=0.05; ITTA: 0.21 £ 0.04 s, Control: 0.20 £ 0.13 s).

For the strength measures, there was a medium-to-large effect (g = 0.61) for MVT to
be lower in the intact limb although this difference was not statistically significant (Table 2).
There was also a medium-to-large effect (g = 0.72) for peak RTD to be lower in the intact limb

compared to the control limb.

SPM results of the loading waveforms found no significant differences between the
intact limb of ITTAs and control limbs for any loading waveform for the duration of the

absorption phase (Figure 2 & Supplementary Figure 1).

Within the movement features, the intact and control limbs did not differ significantly
at any lower-limb joint or at the trunk for the touchdown angles (p > .312, g <0.42) or ROM
(p>.339, g <0.39) in the sagittal and frontal planes (Figure 3A). Joint coordination strategies
were not significantly different between groups for any lower-limb joint pair (p > .385, g <
0.21; Figure 3B). Peak negative absorption powers were also not significantly different

completed (Figure 4A) was not significantly different between groups at the ankle (p =.950, g
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= 0.03; Intact limb: -1.23 + 0.35 J/kg, Control limb: -1.22 £ 0.28 J/Kkg), knee (p = .457, g =
0.29; Intact limb: -0.57 + 0.28 J/kg, Control limb: -0.67 £ 0.36 J/kg) or hip joints (p = .406, g
= 0.33; Intact limb: -0.34 + 0.25 J/kg, Control limb: -0.27 + 0.20 J/kg). Both the intact and
control limbs utilised the ankle joint as the primary joint to perform the negative work to reduce
the momentum of the centre of mass (56-58%; Figure 4B). Small effect sizes were present for

all movement feature comparisons.
Discussion

This study investigated intact limb loading and the mechanisms utilised to attenuate
this load without the influence of the prosthetic limb or the requirement for forward
progression. The main finding of this study was that there were no significant differences
between groups for the strength features, the joint mechanics utilised to absorb the impact from
landing or in the load experienced at the ground or at the knee joint. These results provide
evidence to suggest that high load in the intact limb, compared to controls, that has been found
in other studies and movements (e.g., walking, step negotiation) is due to either the influence
of the mechanics from the prosthetic limb or the specific task demands. This suggests that the
intact limb of ITTAs is not at a greater risk of injury in the intact limb when performing a

unilateral landing from a drop height of 30 cm.

MVT was 20% and peak RTD was 25% lower in the intact limb of ITTAs compared to
controls and medium-to-large effect sizes were apparent (0.61 and 0.72, respectively). The
MVT deficits are smaller than those found in other ITTA studies that included amputees with
a similar mean and range of ages as that of the current study. These studies have indicated that
the intact limb produces 30-39% less maximum strength than an able-bodied control.***°
However, these earlier studies included individuals whose amputation occurred due to vascular

diseases, thus, the greater deficiencies in muscular strength may be due to the effects of the
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disease that are not present in traumatic amputations. Further, these studies did not present the
activity level of their participants and the Pedrinelli et al.® study included participants who
used walking aids (20% of total participants). It is additionally possible that the recreationally
active nature of the participants in the current study may have attributed to the lower percentage

deficits.

Past research has found negative correlations between quadriceps strength and peak
VGRF in quadriceps inhibition® and anterior cruciate ligament injury jump landing studies®?
when landing from a height of 30 cm. Additionally, it is well known that quadriceps weakness
is associated with joint degenerative diseases where strength deficits from 15-18% may be
present prior to disease development.®*>* Previous research has suggested that isometric MV T
deficits in the quadriceps of greater than 15% can negatively impact the loading patterns and
alter the joint mechanics when landing from a jump.®® This can result in the absorption of
impact forces by the tissue structures rather than by the bigger muscle groups, increasing the
incidence of developing degenerative diseases.?®?® However, the current study found no
differences in loading patterns between groups suggesting that the strength deficits did not
influence the magnitude or rate of load experienced. Maximal production of strength may not
have been required for the movement performed in this study. Further research could assess

the height about which compensations may occur in response to reduced quadriceps strength.

As far as the authors are aware, the current study is the first to assess RTD strength in
the intact limb of ITTAs. Previous research has found that greater RTD can aid in dynamic
balance recovery,>® such as that seen in sporting movements, by rapid stabilisation of the lower-
limb joints. Without stabilisation, the joints could move into injurious positions (e.g. reduced
knee joint flexion) placing the load demand onto the cartilage.>” However, in the current study,
the intact limb did not exhibit significantly different lower-limb motion, coordination patterns,

or a shift in the shock absorption approach as both groups completed the majority of energy
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absorption in the ankle joint (56-58%). Additionally, small effect sizes were present in all
movement features further confirming that no differences were present between the intact limb
of ITTAs and controls. As the ITTA population in the current study did not experience greater
limb or joint load, it is possible that both groups had sufficient quadriceps strength and were
able to rapidly produce muscle force that allowed an adequate degree of joint flexion to

attenuate the load during landing.>!

Reduced quadriceps strength can be compensated for through a number of mechanisms
including frontal plane knee valgus motion®® and trunk flexion.*® The current study, however,
found no significant differences in the frontal plane knee motion or the sagittal plane trunk
flexion, possibly as no significant differences were found in the strength measures. These
results differ from previous research. Goerger et al.%° suggested that when VGRF is similar,
frontal plane motion may be altered as a possible compensation to absorb load when deficits in
quadriceps strength are present. This was also reported by Palmieri-Smith et al.®® who
demonstrated that reduced quadriceps prepatory activation prior to touchdown was associated
with increased peak knee valgus angles. Healthy participants, who landed with greater peak
trunk flexion, had a reduced quadriceps activity and landing forces suggesting a reduced
reliance on the eccentric contraction of the quadriceps to attenuate load.'® Greater active trunk
flexion during landing is also associated with a more flexed strategy at the knee and hip joints'’
potentially contributing to the reduced landing forces. That there were no significant
differences between the intact limb ITTAs and control limbs in the current study, suggests that
the 20% deficit in quadriceps maximal strength and 25% deficit in peak RTD did not elicit
compensations in the landing mechanics. Additionally, these deficits did not impact the

magnitude and rate of load experienced when landing from a drop height of 30 cm.

Both groups performed an ankle dominant joint absorption approach when landing

(Figure 4B). Greater utilisation of the ankle joint to attenuate load has been found to be
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associated with increases in peak VGRF, knee flexor moment, and anterior knee intersegmental
force magnitudes.?®2"61 Healthy individuals who performed a more extended landing strategy
at all joints utilised the ankle joint to perform ~50% of the total joint work.?®?" Rowley &
Richards®? determined that an optimal ankle plantarflexion angle at touchdown between 20-
30° would limit the peak VGRF and vGRF loading rate when landing from a jump.
Additionally, within this optimal plantarflexion range, the lower-limb joints’ contribution
relative to the support moment were found to be relatively equal (ankle, knee and hip joints
between 30-40% of total). This suggests that in-phase joint flexion coordination could
potentially reduce load at the ground and at the knee joint by absorbing the load equally at the
lower-limb joints.*® The ITTA and control participants in the current study landed with an
‘optimal’ ankle plantarflexion angle. However, there was greater utilisation of the distal joints
with 56-58% of the total joint work completed by the ankle. In comparison to unilateral drop
landing research, the joint mechanics were similar to that in the current study.>% It was
suggested that a more extended landing strategy is performed in unilateral landings to maintain
balance, despite the greater risk of injury when utilising this approach.® It is also possible that
the extended landing strategy was performed by ITTAS in this study to limit the eccentric work
required from the quadriceps. Thus, a unilateral landing did not elicit greater joint flexion in
the intact limb when the prosthetic limb contribution was absent. Single-limb balance and
quadriceps strength training may enable the intact limb to adopt a more flexed landing strategy

which could be important in reducing load in many sporting manoeuvres.

Landing height has been shown to influence the landing joint mechanics as greater
momentum is experienced as landing height increases.®*® Schoeman et al.® found greater
VGRF was experienced in the intact limb compared to the control limb. However, the ITTA
group landed from a significantly lower jump height than the controls. This could suggest that

the vVGRF should have been significantly greater when ITTAs landed from the same height as
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the controls. However, the vVGRF experienced in the intact limb in the current study was similar
to that experienced in the intact limb of the Schoeman et al.® study. This occurred despite
landing from almost double the height (15 cm vs 30 cm). One possible reason is that the intact
limb in the current study performed greater joint ROM compared to the intact limb of the ITTAs
who landed from half the height (15 cm). Further, the intact limb in the current study performed
similar ROM at all lower-limb joints to the control group in the Schoeman et al.® study who
landed from the same height (31 cm). This shock absorption adaptation has been seen in able-
bodied individuals who increase joint flexion angles as the drop height increases thereby
limiting the load experienced.®® Therefore, the results from the current study suggest that
ITTAS can adapt to the higher landing height and attenuate load without the influence from the

prosthetic limb, by adopting shock absorption strategies similar to those of a control population.

The intact limb of ITTAs does not experience significantly different load and does not
perform significantly different joint absorption mechanics compared to an able-bodied control,
when landing on this limb from a drop height of 30 cm. This was despite deficits in the knee
extensor MVT and peak RTD in the intact limb that were greater than deficits that have
previously indicated altered joint mechanics and loading patterns. It is therefore plausible that
without the influence from the prosthetic limb or the requirement for continued forward
progression, the intact limb of ITTAs can attenuate load when landing from a jump up to 30
cm in height similar to able-bodied controls. Further, the ITTA participants included in this
study (otherwise healthy and recreationally active) would suggest that the risk for joint
degeneration is potentially similar to those in uninjured persons. Utilisation of unilateral drop
landings in rehabilitation and exercise programmes for less-active or non-established ITTAs
could aid in the development of strength and coordination and increase participation in sport

and exercise.
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Tables

Table 1 Participant demographics (mean + SD) for ITTAs and able-bodied controls

ITTA Control p-value Hedges g
Age (years) 40.0£9.0 34.0+£6.5 .064 0.69
Mass (kg) 84.5+18 83.4+11 769 0.08
Height (cm) 17774 179+6.2 400 0.30

Table 2 Maximal voluntary isometric torque (MVT) and peak rate of torque development
(RTD) for the intact limb of ITTAs and dominant control limb, mean £ SD

Intact Limb ~ Control Limb p-value Hedges g
MVT (Nm/Kg) 229+1.2 2.79+0.6 134 0.61
Peak RTD (Nm/kg/s) 19.6+9.9 25.3+6.7 .084 0.72
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Figure Captions

Figure 1 — A) Angle-angle plot example of one healthy participant with touchdown denoted
by the black circle and the coupling angle denoted by 8. B) Coupling angle calculated from the

angle-angle plot for the absorption phase.

Figure 2 - Each row presents the 3-dimensional loading waveforms for the A) GRFs, B) knee
moments, and C) intersegmental knee forces (KF) in the intact limb (IL; red dashed) and
dominant control limb (DCL; black solid). Loading waveforms are presented for the duration
of the absorption phase. Positive values are denoted first: GRFx = lateral-medial, GRFy =
anterior-posterior, external knee adduction moment (KAM) = adduction-abduction, external
knee flexion moment (KFM) = flexion-extension, external knee rotational moment (KMz) =

internal-external, KFy = lateral-medial, KFx = anterior-posterior, and KFz = compression.

Figure 3 - A) Joint angular position at touchdown (TD) and joint range of motion (ROM) in
the sagittal and frontal planes, B) joint coordination coupling angle for the ankle-knee (AK),
knee-hip (KH) and hip-ankle (HA), and C) peak joint absorption powers when landing at the

ankle, knee, and hip joints in the intact limb (IL) and dominant control limb (DCL).

Figure 4 - A) Individual joint work and B) joint percentage contribution of the total negative
joint work performed at the ankle, knee, and hip joints for the intact limb (IL) and dominant

control limb (DCL) during the absorption phase of landing.

Supplementary Figure 1 — SPM {t}-statistic results for the loading waveform analysis
(Figure 2). The horizontal red dashed lines represent the boundaries for statistical

significance.
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560 Figure 1 — A) Angle-angle plot example of one healthy participant with touchdown denoted
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Figure 2 - Each row presents the 3-dimensional loading waveforms for the A) GRFs, B) knee
moments, and C) intersegmental knee forces (KF) in the intact limb (IL; red dashed) and
dominant control limb (DCL; black solid). Loading waveforms are presented for the duration
of the absorption phase. Positive values are denoted first: GRFx = lateral-medial, GRFy =
anterior-posterior, external knee adduction moment (KAM) = adduction-abduction, external
knee flexion moment (KFM) = flexion-extension, external knee rotational moment (KMz) =

internal-external, KFy = lateral-medial, KFx = anterior-posterior, and KFz = compression.
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573  Figure 3 - A) Joint angular position at touchdown (TD) and joint range of motion (ROM) in
574  the sagittal and frontal planes, B) joint coordination coupling angle for the ankle-knee (AK),
575  knee-hip (KH) and hip-ankle (HA), and C) peak joint absorption powers when landing at the

576  ankle, knee, and hip joints in the intact limb (IL) and dominant control limb (DCL).
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579  Figure 4 - A) Individual joint work and B) joint percentage contribution of the total negative
580 joint work performed at the ankle, knee, and hip joints for the intact limb (IL) and dominant

581  control limb (DCL) during the absorption phase of landing.
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584  Supplementary Figure 1 — SPM {t}-statistic results for the loading waveform analysis
585  (Figure 2). The horizontal red dashed lines represent the boundaries for statistical

586  significance.
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