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Abstract

People with unilateral transfemoral amputation using socket prostheses are at increased risk for
developing osteoarthritis in both the residual hip and intact lower-limb joints. Osseointegrated
prostheses are a surgical alternative to socket prostheses that directly attach to the residual
femur via a bone-anchored implant, however their multi-joint loading effect is largely unknown.
Our objective was to establish how osseointegrated prostheses influence joint loading during
walking. Motion capture data (kinematics, ground reaction forces) were collected from 12
participants at baseline, with socket prostheses, and 12-months after prosthesis osseointegration
during overground walking at self-selected speeds. Subject-specific musculoskeletal models
were developed at each timepoint relative to osseointegration. Internal joint moments were
calculated using inverse dynamics, muscle and joint reaction forces (JRFs) were estimated

with static optimization. Changes in internal joint moments, JRFs, and joint loading-symmetry
were compared using statistical parametric mapping (p < 0.05) before and after osseointegration.
Amputated limb hip flexion moments and anterior JRFs decreased during terminal stance

(p = 0.002, < 0.001; respectively), while amputated limb hip abduction moments increased during
mid-stance (p < 0.001), amputated hip rotation moment changed from internal to external
throughout early stance (p < 0.001). Intact limb hip extension and knee flexion moments

(p = 0.028, 0.032; respectively), superior and resultant knee JRFs (p = 0.046, 0.049; respectively)
decreased during the loading response following prosthesis osseointegration. These results may
indicate that the direct loading transmission of these novel prostheses create a more typical

Address all correspondence to.: Brecca M. M. Gaffney, Ph.D., Department of Mechanical Engineering, University of Colorado Denver,

1200 Larimer St. Suite 2024-M, Denver, CO 80204, United States, brecca.gaffney@ucdenver.edu.

Declaration of Competing Interest
The authors have no conflicts of interest to disclose.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vandenberg et al. Page 2

mechanical environment in bilateral joints, which is comparable with loading observed in able-
bodied individuals and could decrease the risk of development or progression of osteoarthritis.
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1. Introduction

The number of individuals living with major limb amputation in the United States is
expected to exceed 4 million adults by the year 2050 (Ziegler-Graham et al., 2008).
Mobility is substantially compromised within this population which detrimentally impacts
their overall quality of life, especially those with transfemoral amputation (TFA) (Gailey

et al., 2008). The two most common causes of reduced mobility are chronic complications
from ill-fitting socket-prostheses (Dillingham et al., 2001; Penn-Barwell, 2011; Reddy et al.,
1981) and secondary comorbidities, such as low back pain or osteoarthritis (OA) (Highsmith
etal., 2019; Morgenroth et al., 2012). Prosthesis osseointegration is a novel alternative that
involves surgical fixation to the residual limb through a bone-anchored implant, designed to
alleviate complications related to socket fit (Branemark et al., 2014, 2001). However, there is
still no consensus regarding the effect of these novel prostheses on secondary comorbidities
for people with TFA.

Socket prosthesis users with unilateral TFA adopt biomechanical compensations due to the
loss of the ankle and knee joints, and altered force transmission between the ground and
residual limb. For instance, people with TFA commonly increase lateral trunk bending

(i.e., compensated Trendelenberg), which positions their center of mass over the base

of support to aid in stability due to weakened hip abductors (Carse et al., 2020; Goujon-
Pillet et al., 2008; Jaegers et al., 1995). During ipsilateral push-off, patients with TFA
commonly increase hip flexion demand to facilitate limb advancement without active ankle
plantarflexion (Jaegers et al., 1995; Schaarschmidt et al., 2012; Seroussi et al., 1996). While
necessary, habitual compensatory biomechanics increase the risk of secondary comorbidities
in this population as chronically altered joint loading has been linked to articular cartilage
damage (Block and Shakoor, 2009; Felson, 2013; Michaud et al., 2000; Nolan et al., 2003;
Schaarschmidt et al., 2012). Individuals with unilateral TFA are 18 and 14 times more likely
to develop knee and hip OA, respectively, compared to the general population (Struyf et al.,
2009).

Although the musculoskeletal system is inherently asymmetrical after TFA, optimizing limb
loading-symmetry remains a primary rehabilitation focus. However, there is conflicting
evidence regarding which limb is over- or under-loaded (Castro et al., 2014; Nolan et al.,
2003; Nolan and Lees, 2000; Schaarschmidt et al., 2012). Because socket prostheses alter
the load transmission from the ground throughout the residual limb (Heitzmann et al., 2020;
Mak et al., 2001), other regions of the body that are not directly affected by the amputation
can be negatively influenced (e.g., low back); a concept known as regional interdependence
(Sueki et al., 2013; Wainner et al., 2007). While improving loading-symmetry remains a
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clinical priority, achievement is challenging due to altered load transmission from socket
prostheses.

Osseointegrated prostheses are an alternative to socket prostheses that directly attach to the
residual limb via bone-anchored implant in the intramedullary canal of the residual limb
(Branemark et al., 2014, 2001). Early reports from transfemoral osseointegrated prosthesis
users show high satisfaction levels and improved clinical outcomes (i.e., mobility, quality of
life) compared to socket prosthesis users (Hagberg and Branemark, 2009; Tranberg et al.,
2011; Van De Meent et al., 2013). Notably, osseointegration improves force transmission
between the ground and residual limb, resulting in more natural amputated limb loading
compared to socket prostheses (Robinson et al., 2020; Thomson et al., 2019). We have
recently demonstrated improved amputated limb hip muscle function during dynamic
activities (Gaffney et al., 2022), however the effects of transfemoral osseointegrated
prostheses on joint loading are not clearly defined.

Our objective was to determine the multi-joint loading changes in people with unilateral
TFA before and 12-months after prosthesis osseointegration using musculoskeletal
modeling. We hypothesized that osseointegration would normalize bilateral joint loading,
resulting in improved hip joint loading-symmetry.

2. Methods

2.1. Participants

Twelve people scheduled to undergo unilateral, transfemoral prosthesis osseointegration
were enrolled in this study (Table 1). Potential participants were excluded if their
amputations had non-traumatic causes, there was history of substance abuse, acute systemic
infections, unstable heart conditions, or candidates were undergoing cancer treatment. All
study participants received press-fit implants in two surgical stages (OTN BV Implants,
The Netherlands). During the first stage the fixture was implanted into the residual femur
intramedullary canal, followed by 6 weeks of non-weight bearing allowing bony ingrowth
between the implant and residual bone. The second stage created a stoma at the distal
residual limb and secured a transcutaneous dual cone adaptor for prothesis connection.
After the second stage, participants followed identical 3-week rehabilitation protocols,
progressing from static prosthesis loading to dynamic load bearing exercises in preparation
for community ambulation (Leijendekkers et al., 2017). Participants underwent a computed
tomography (CT) scan prior to the first surgical stage to aid in surgical planning.

Each participant visited the laboratory for two motion capture data collections relative to

the first surgical stage (~2 days before (baseline) and 12-months following). During baseline
collection, participants wore their own socket-suspended protheses including an ischial
containment socket, microprocessor knee, and dynamic carbon-fiber response foot. At the
12-month collection, participants wore their own prostheses with the same knee and foot
componentry including a torque control adapter distally connected to the osseointegrated
implant. Participants provided informed, written consent of an approved protocol by the
Colorado Multiple Institutional Review Board prior to baseline collection.
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2.2. Data Collection and Processing

Three-dimensional reconstructions of the residual femur were created using CT images
via semi-automated thresholding for segmentation (Amira 2020.1, ThermoFisher, Waltham,
MA) (Fig. 1a).

Motion capture data were recorded from participants during overground walking at self-
selected speed (Fig. 1a). Kinematics were recorded from 38 reflective markers using

eight infrared cameras (F, = 120 Hz) (Vicon, Centennial, CO), ground reaction forces (GRF)
were collected from six embedded force platforms (F, = 2160 Hz) (Bertec, Columbus, OH).
Trajectory and analog data were filtered using a low-pass, fourth-order Butterworth filter

(F. = 6 Hz and 20 Hz, respectively). Cutoff frequencies were determined via residual analysis
(Winter, 2009).

2.3. Musculoskeletal Modeling

Separate subject-specific musculoskeletal models were created for each participant before
and after prosthesis osseointegration by modifying an existing, generic model with 23
degrees of freedom (DOF) and 92 muscles within OpenSim (Lai et al., 2017; Rajagopal

et al., 2016) (Fig. 1b). Each model was non-uniformly scaled using markers placed

on anatomical landmarks. The generic pelvis and residual limb femur geometries were
imported into Amira and scaled using corresponding scale factors. Reconstructed residual
femurs were placed at the subject-specific hip joint centers, defined by the center of a
sphere fit to the femoral head (Harris et al., 2017). Proximal hip musculature insertions
were updated using a human anatomy atlas (Harris et al., 2017; Netter, 1951; Song et al.,
2019). Ankle and uniarticular knee musculature were removed from the amputated limbs
of all models. A myodesis procedure, which involves surgically suturing amputated limb
musculature to the distal residual femur in a manner that attempts to preserve the muscle’s
original line of action as closely as possible, was simulated by inserting biarticular hip/knee
model musculature onto the distal reconstructed femurs using established methods (Harandi
et al., 2020a, 2020b; Jones and Fey, 2021; Ranz et al., 2017) (Fig. 1b). Residual limb
muscle properties (optimal fiber length, tendon slack length) were linearly scaled from
generic model values to match updated insertion sites (Song et al., 2020). Residual limb
proximal/distal diameters and length measurements (femoral head center to distal limb) from
CT images were used to update the residual limb inertial properties, assuming uniform
tissue density (p =11 g/cm3) (Robinson et al., 2020). Generic tibial and foot geometries

were replaced by generic prosthesis geometries with shanks modeled as cylinders and
feet modeled as triangular prisms to define inertial properties, assuming carbon fiber
material with constant density (p = 1.65 g/cm?) (Robinson et al., 2020). A spring force at
the prosthesis ankle was added to the model’s force-set to simulate an energy storage and
return foot (Silverman and Neptune, 2014).

Models for each timepoint followed this workflow, but differed in modeling the residual
limb and prosthesis interface. Baseline socket models included a 6 DOF joint at the residual
limb-socket interface (RSI) (Fig. 1b) located at the distal residual limb (LaPré et al., 2018).
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Osseointegrated prosthesis models assumed rigid connections between the prosthesis and
residual limb, as previously defined (Robinson et al., 2020) (Fig. 1b).

2.4. Modeling Workflow

Motion capture data were analyzed during three bilateral stance periods (heel strike to toe
off) (Fig. 1c). Stance phases were defined using Visual3D’s automatic gait event labeling,
which uses Event Target Pattern Recognition (TPR) signals to identify gait events based off
kinematic and kinetic data (Hreljac and Marshall, 2000; Stanhope et al., 1990). Joint angles
were calculated using inverse kinematics via weighted least squared minimization between
experimental and virtual model markers. A residual reduction algorithm was performed to
maintain dynamic consistency between the model and experimental data by minimizing non-
physical residual forces and moments through small, controlled motion perturbations and
slight adjustments to the model’s mass parameters (Delp et al., 2007). Static optimization
was used to estimate muscle forces by solving for the sum of moments from individual
muscle forces while minimizing the sum of squared muscle activations (Anderson and
Pandy, 2001). GRFs and estimated muscle forces were used to analyze the anteroposterior,
superior, mediolateral, and resultant joint reaction forces (JRFs) of bilateral hips and the
intact limb knee (Steele et al., 2012). Hip JRFs were expressed in the pelvis frame of
reference, representing the force interaction on the acetabulum (Harris et al., 2017; Song et
al., 2020, 2019). Intact limb knee JRFs were expressed in the femoral frame of reference.

Model validation was performed according to previously established methods, including
minimizing residual forces and moments (Hicks et al., 2015). Furthermore, the baseline
socket model was validated through comparison to experimentally measured RSI forces
(Schwarze et al., 2013) (Supplemental Figure 1).

2.5. Symmetry

Hip joint loading-symmetry was calculated using the Normalized Symmetry Index (NSI),
which serves as a universal index for assessing symmetry in a clinical context by accounting
for trial-to-trial magnitude variability (Queen et al., 2020). However, the standard NSI was
adapted from calculating at a discrete timepoint to continuously calculate loading-symmetry
at all timepoints across bilateral stance periods of gait:

Int(t,n) — Amp(t,n)
Max(t) — Min(t)

NSI(t) = mean *100 )
where ‘n’ is the total number of trials, ‘¢’ is the timepoint normalized to a percent of stance
phase, ‘Int’ is intact limb loading, ‘Amp’ is amputated limb loading, ‘Max(¢)’and ‘Min(¢)” are
the absolute maximums and minimums across both limbs and all » trials at z. The NSI at
each timepoint was determined using the difference between ‘Int” and ‘Amp’ loading. Inter-
trial variability was accounted for by dividing the bilateral loading difference by a “global
range” at respective timepoints (¢), determined from ‘Max’ and ‘Min’, then multiplied by
100 to normalize the index and averaged across » trials (Eq. (1)). Symmetry index values
ranged from —100 to +100 (representing full asymmetry governed by the amputated or intact
limb, respectively) and zero indicated perfect symmetry.
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2.6. Statistical Analysis

Dependent variables included trunk (two DOF), bilateral hip (three DOF) and intact knee
(one DOF) internal joint moments, bilateral hip and intact knee JRFs, and hip joint loading-
symmetry throughout stance period. All dependent variables were normalized to the stance
period. Ensemble averages of each dependent variable were compared before (in socket) and
after osseointegration using one-dimensional statistical parametric mapping (SPM) (Pataky
et al., 2015, 2013). Gait speed at each timepoint relative to prosthesis osseointegration was
included as a covariate in the SPM through a general linear model (GLM) (Savage et al.,
2021), which is analogous to a one-way ANCOVA (Pataky, 2012). With gait speed included
as a covariate, the GLM was ran as a paired #test (two-tailed inference, a = 0.05). All

SPM analyses were implemented in Matlab (Matlab 2022a, Mathworks, Nattick, MA) using
open-sourced spmld code (www.spmld.org).

3. Results

3.3. Walking Speed

Self-selected gait speed decreased by 8.6 + 14.6%, from 1.07 £ 0.15 m/s at baseline with
socket prostheses to 0.96 + 0.14 m/s twelve-months after osseointegration (p = 0.028).

3.4. Internal Joint Moments

Twelve-months following prosthesis osseointegration, intact limb hip extension and knee
flexion moments during loading response decreased compared to baseline values within the
socket (p = 0.028, 0.032, respectively) (Fig. 2a). The amputated limb hip flexion moment
decreased during pre-swing (p = 0.002) while the hip abduction moment increased during
mid-stance (p < 0.001) (Fig. 2b). The hip rotation moment shifted from internal to external
direction during loading response and through mid-stance (p < 0.001) (Fig. 2b). Finally, the
sagittal lumbar bending moment shifted from flexion to extension 12-months after prosthesis
osseointegration (p = 0.007).

3.5. Joint Reaction Forces

Compared to baseline values with socket prostheses, the intact knee superior and

resultant JRFs decreased during initial contact 12-months after prosthesis osseointegration
(p = 0.046, 0.049, respectively) (Fig. 3b). The amputated limb superior and resultant hip
JRF increased during loading response (p = 0.047, 0.046, respectively) (Fig. 3c). Finally, the
amputated limb anterior hip JRF decreased during pre-swing 12-months after prosthesis
osseointegration (p < 0.001) (Fig. 3c). Estimated muscle forces contributing to hip JRF can
be found in Supplemental Figure 2.

3.6. Joint Loading-Symmetry

Joint loading-symmetry changed following prosthesis osseointegration, and was dependent
upon direction and timing within the stance period. The superior hip JRF symmetry
increased (smaller NSI) during loading response (p = 0.050) and the anterior hip

JRF decreased (larger NSI) during pre swing (p = 0.013) 12-months after prosthesis
osseointegration (Fig. 4).
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4. Discussion

The purpose of this study was to quantify the effect of osseointegrated prostheses on
lower-limb joint loading in individuals with unilateral TFA. When using osseointegrated
prostheses, the amputated limb hip flexion moment and anterior hip JRF decreased during
terminal stance, while the hip abduction moment increased during mid-stance compared
to using socket prostheses. Furthermore, the intact limb hip and knee internal joint
moments and knee joint loading decreased at initial contact when using an osseointegrated
prosthesis but were otherwise unchanged and comparable with loading observed in able-
bodied individuals (Harris et al., 2017). These joint loading changes may benefit the
mechanical environment of the joints and, over long-term cyclic loading, may lower the
risk of amputated limb OA in this population (Morgenroth et al., 2012; Struyf et al.,
2009). Although our results demonstrated improvements in hip joint loading-symmetry in
early stance, we also observed increased asymmetric hip joint loading in late stance after
prosthesis osseointegration. These findings may help inform the timing of symmetry training
within rehabilitation after unilateral prosthesis osseointegration. To our knowledge, this is
the first study to longitudinally quantify the effects of osseointegrated prostheses on joint
loading compared to socket prostheses.

Our results demonstrated that internal hip joint moments and hip JRF in the sagittal

plane were reduced in the amputated limb 12-months after transfemoral prosthesis
osseointegration compared to baseline values using socket prostheses. The internal hip
flexion moment and anterior JRF in the amputated limb decreased during terminal stance
and pre-swing of the amputated limb, which may indicate less demand being placed on

the hip flexor muscles to advance the limb. People with TFA commonly compensate for
the lack of amputated limb ankle propulsion by increasing hip flexor force to reposition
the GRF vector posteriorly to the knee joint to generate forward propulsion (Jaegers et

al., 1995; Koehler-McNicholas et al., 2016; Schaarschmidt et al., 2012; Seroussi et al.,
1996). Increased hip flexor muscle force will directly increase anterior joint loading, as joint
loading is predominantly muscle driven (Correa et al., 2010). Therefore, the significant
decreases in hip anterior JRF after osseointegration, which are more comparable with
magnitudes observed in able-bodied individuals (Harris et al., 2017; Layton et al., 2022),
may demonstrate a more kinetically efficient forward propulsion strategy that is less reliant
on hip flexors.

Muscle function in the amputated hip showed improvement after osseointegration. The
amputated hip abduction moment significantly increased during mid-stance when using
osseointegrated prostheses compared to baseline. The medial JRF decreased, but was

not statistically significant due to high baseline variability which we attribute to varied
participant mobility levels, evidenced by variable stabilizing movement patterns. People
with unilateral TFA using socket prostheses improve stability by increasing step width
(Heitzmann et al., 2020; Jaegers et al., 1995), thereby increasing the hip abduction angle and
moment arm of the primary hip abductors. Because abductor muscle forces are the primary
contributors to hip joint loading (Correa et al., 2010), any changes in force production will
significantly influence hip joint loading. Previous work has demonstrated that simulating
reduced hip abductor force resulted in increased hip joint loading (Valente et al., 2013).
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The authors attributed this to increased forces from the surrounding musculature (e.g., rectus
femoris, iliopsoas) required to stabilize the hip joint in the simulated absence of hip abductor
forces. Muscle weakness is commonly observed in people with TFA, which is a known
etiological factor to OA as the mechanical environment of the joint changes (Amaro et al.,
2007; Heitzmann et al., 2020; Hurley, 1999; Jaegers et al., 1995; Shakoor et al., 2008).

We have recently shown increased amputated hip abductor muscle force during sitting
(Gaffney et al., 2022) and overground walking after osseointegration (Supplemental Figure
2). Increased abductor muscle forces using osseointegrated prostheses may decrease the
compensatory demand from surrounding hip musculature, resulting in the reduced medial
hip JRF.

We also observed the amputated limb hip rotation moment switched from an internal

to external rotational direction during early to mid-stance 12-months after prosthesis
osseointegration. This directional change in hip rotation moment of the amputated limb
after prosthesis osseointegration more closely resembles the intact limb hip rotation moment
and previous results in a healthy population (Gronley and Perry, 1984; Perry, 1992; Ren et
al., 2008; Schache and Baker, 2007). As we presented internal joint moments, a surrogate
representation of muscle forces, this change is supported by the increase in amputated limb
gluteal muscle forces observed after osseointegration (Supplemental Figure 2). At baseline,
the internally directed hip rotation moment on the amputated limb throughout stance period
may indicate inability to control the amputated limb loading within the socket. The gluteal
muscles are eccentrically active with increased forces, that aid in power absorption during
limb loading, contributing to the hip rotation moment. We interpret these changes to
indicate greater stabilizing muscle control during amputated limb loading after prosthesis
osseointegration. Thus, our results may show that osseointegrated prostheses restore the
biomechanical environment of the hip joint through changes in muscle forces that could help
mitigate the risk of secondary comorbidities, such as hip OA.

Osseointegrated prostheses also influenced intact limb joint loading. This can be observed
in the decreased hip extension and knee flexion moments and decreased knee resultant and
superior JRFs of the intact limb at heel strike. Schaarschmidt et al. (2012) found that people
with unilateral TFA using socket prostheses increased braking impulses applied to the
intact limb. The authors concluded that these impulses were used for deceleration without
controlled weight transfer from the amputated limb (commonly referred to as “falling’

onto the intact limb). We observed a significant decrease in the anterior component of the
braking impulse corresponding to shock absorption during heel strike that occurs during
between-limb weight transfer (Supplemental Figure 3) (Marasovic et al., 2009). Repetitive
loading at a high rate (i.e., high braking impulses) can cause micro-damage to sub-chondral
bone, leading to degenerative changes in articular cartilage and increasing the risk of OA
development (Morgenroth et al., 2012). Our results may demonstrate improved control
during weight transfer from the amputated limb, where osseointegrated prosthesis users

are less likely to ‘fall” onto their intact limb. These decreased braking impulses may help
normalize the mechanical environment of the intact limb joints and reduce the risk of OA
development, especially the intact knee which shows 18-fold greater prevalence of OA
development compared to able-bodied individuals (Struyf et al., 2009).
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Our results showed that changes in joint loading-symmetry were dependent on gait cycle
phase. Specifically, hip joint loading was more symmetrical during loading response

of early stance, while more asymmetrical during terminal stance and pre-swing when

using osseointegrated prostheses compared to socket prostheses. We attribute decreased
between-limb asymmetry during loading response to a more direct load transmission from
osseointegrated prostheses into the residual femur, potentially resulting in improvements in
osseoperception and osseoproprioception (Hagberg et al., 2008; Orgel et al., 2021; Robinson
et al., 2020). Osseointegration provides unique proprioceptive feedback to people with
amputation, which improves sensation in the amputated limb, allowing greater control
during weight transfer and leading to the increased symmetry observed during loading
response. This may be indicated by the increased hip JRF on the amputated limb during
loading response after osseointegration. Contrary to reduced asymmetry in early stance,
hip joint loading asymmetry increased during pre-swing; primarily driven by lack of
change in intact limb hip joint loading while amputated limb anterior hip JRF decreased
significantly after prosthesis osseointegration. Considering the observed amputated limb
hip muscle force normalization and associated persistence of between-limb hip loading
asymmetry, our results indicate that loading-symmetry in pre-swing is not influenced by
prosthesis osseointegration. However, future work is necessary to investigate the relative
advantages and disadvantages of hip loading changes (or lack thereof) throughout stance.
As rehabilitation standards after osseointegration continue to be developed, these findings
may inform future work in targeted load-symmetry training across different phases of gait to
account for inherent differences between limbs and optimize ambulation strategies.

This investigation had several limitations that should be considered. First, this study utilized
a sample size of convenience, participants were varied in their baseline functional levels and
reasons for undergoing prosthesis osseointegration. Variable physical function likely results
in variability in compensatory movement patterns, which may have hindered our ability to
detect statistical significance in joint loading with this sample size. Second, walking speed
was not controlled for across timepoints or participants, which can influence joint loading
(Lerner et al., 2014). However, while the observed decrease in walking speed after prosthesis
osseointegration (mean decrease of 0.11 m/s) was slightly higher than the threshold of
minimal clinically important difference in older adults (0.1 m/s), it was less than the minimal
detectable change of older adults with mobility problems (0.13 m/s) (Bohannon et al.,

2014; Chui et al., 2012; Perera et al., 2006). Thus, in conjunction with the lack of bilateral
changes in joint loading after prosthesis osseointegration, we do not interpret the magnitude
of this change in gait speed to be indicative of a reduction in physical function that would
influence joint biomechanics. Third, patient-specific muscle strengths were not modeled as
strength data for these participants were not available. Muscle weakness is well documented
in people with TFA due to limb disuse within sockets (Henson et al., 2021; Jaegers et

al., 1995). Prior work has demonstrated that musculoskeletal model outputs are highly
sensitive to muscle parameter perturbations such as max isometric force, which represents
an individual muscle’s strength (Scovil and Ronsky, 2006; Shepherd et al., 2022). We were
also not able to measure prostheses inertial properties at respective timepoints relative to
osseointegration, and therefore could not include this in our musculoskeletal models. While
we focused on the stance phase in this study, the limb becomes more dynamic during
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terminal stance to prepare for forward propulsion of the limb. Future work will explore how
strength changes affect joint loading after prosthesis osseointegration. Finally, muscle forces
in this study were determined using OpenSim’s Static Optimization tool, which does not
account for synergist muscle co-contraction. However, previous studies have demonstrated
that this tool can produce hip muscle forces that are similar to normal gait as well as
modeling muscle and joint forces for people with TFA (Anderson and Pandy, 2001; Correa
et al., 2010; Harandi et al., 2020a, 2020b; Robinson et al., 2020). Therefore, we believe that
utilizing a different muscle optimization tool would not affect the results produced in this
study.

In conclusion, we found that people with unilateral TFA using osseointegrated prostheses
adopted a more normative strategy for forward propulsion compared to socket prostheses.
Despite the biomechanical improvements observed in this study, our results show that this
population may still benefit from targeted rehabilitation strategies to further improve joint
loading-symmetry. These preliminary results may indicate that transfemoral osseointegrated
prostheses create a more normative mechanical environment in the amputated hip joint.
Future work is needed to determine if this decreases the risk of OA development.
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Figure 1.

(a) CT images and experimental motion capture data were used to modify an existing
generic model. (b) Subject-specific musculoskeletal models with a simulated myodesis were
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created for each patient before and after osseointegration. (c) Workflow in OpenSim to
determine Kinetics, and joint loading.
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Figure 2.
Internal joint moments during stance phases of level walking before and after

osseointegration. (a) Intact limb hip, knee, and lumbar joint moments in stance phase.

(b) Amputated limb hip and lumbar joint moments in stance phase. Dashed blue lines
represent baseline (with socket) data and solid red lines represent data for 12 months post-
osseointegration surgery. The red and blue shaded areas represent + 1 standard deviation
from the means. The gray shaded areas indicate a statistically significant difference
(determined using SPM) between the mean moments at baseline and 12 months after
osseointegration.
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a) Intact Limb Hip Joint Reaction Forces
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Bilateral joint reaction force (JRF) components and resultant during stance phases of level

walking before and after osseointegration. (a) Intact limb hip, (b) intact limb knee, (c)

and amputated limb hip JRF. Dashed blue lines represent baseline (with socket) data and

solid red lines represent data for 12 months post-osseointegration surgery. The red and

blue shaded areas represent + 1 standard deviation from the means. The gray shaded areas
indicate a statistically significant difference (determined using SPM) between the mean JRF

at baseline and 12 months after osseointegration.
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Normalized Symmetry Index Curves for Hip Joint Loading
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Figure 4.
Waveform symmetry curves of bilateral hip joint loading during stance phases of level

walking before and after prosthesis osseointegration. (a) Anterior, (b) superior, (c) medial,
(d) and resultant JRF symmetry waveforms between the intact and amputated limbs. A
value of zero indicates perfect symmetry while +100 and —100 indicate perfect asymmetry,
overloading the intact or amputated limbs respectively. Dashed blue lines show the baseline
loading symmetry trend with socket prostheses, solid red lines show the loading symmetry
trend 12 months after prosthesis osseointegration. The red and blue shaded areas represent
+ 1 standard deviation from the means. The gray shaded areas indicate a statistically
significant difference (determined using SPM) between symmetry trends at baseline and

12 months after osseointegration.
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Demographic information of patient cohort including age (years), body-mass index before and after

Table 1.

Page 19

osseointegration (kg/m2), and time spent with a socket prosthesis before undergoing osseointegration (years).

Patient ID | Sex | Age (yr) BMPIrg%/ Imz) Bl\g:)sftlf%;rlrﬂ) Time since Amputation (years)
Pt01 F 57 235 235 2
Pt02 F 55 17.4 18.0 38
Pt03 M 53 29.6 28.3 8
Pt04 F 37 27.8 28.3 5
Pt05 F 38 25.4 251 32
Pt06 M 38 20.7 23.1 7
Pt07 M 48 30.8 30.7 15
Pt08 F 48 28.0 28.0 32
Pt09 F 48 235 24.4 18
Pt10 F 48 27.6 29.5 28
Pt11 M 48 27.8 27.3 5
Pt12 M 51 26.8 28.0 2

Mean + SD - 474 +6.6 257+39 26.2+35 16 +£13.2
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