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Abstract

Background

More than 294,000 people in the United States are living with spinal cord injuries, and over 17,000
new injuries occur every year. Individuals with SCI experience a sudden decrease in mechanical loading in
their lower limbs, leading to severe bone loss known as SCI-induced osteoporosis. One proposed method
to treat SCI-induced bone loss is to use exoskeleton walking therapy to load the lower limbs, but it is
currently unknown whether or not the loading experienced is sufficient for any therapeutic benefits. An
ongoing clinical trial (NCT 02533713) associated with this thesis allows 30 individuals with chronic SCI
to complete exoskeleton walking therapy for six months. We hypothesized that exoskeleton walking
therapy would be sufficient to provide therapeutic benefit, resulting in a significant increase in the bone
mineral content (BMC; g) in the distal femur and proximal tibia. We also proposed to assess the kinetics
and kinematics associated with walking therapy for each participant. Finally, we hypothesized that there
would be a positive relationship between the change in BMC and a participant-specific measure of “bone
loading dose”. Thus, our overall purpose was to determine the degree to which exoskeleton walking therapy
influences BMC in a dose-dependent manner.

Methods

The present analysis includes data from 13 participants in the clinical trial. Computed tomography
(CT) scans including at least 15 cm of the distal femur and proximal tibia were taken before and after six
months of exoskeleton walking therapy. The scans were analyzed quantitatively (quantitative computed
tomography; QCT) to calculate BMC and participant-specific measures of bone strength. The bone strength
measures were used to create candidate loading dose calculations for each participant. The clinical trial
intervention included 6 months of exoskeleton walking therapy performed 3 hours a week, using either the
EKSO or Indego exoskeleton. Video data and pressure sensing insole data was captured during the final
walking therapy sessions. The data were used to calculate the kinetics and kinematics for each individual

while walking in the exoskeleton. The exoskeleton recorded the number of steps each user took and the
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pressure sensing insoles provided the magnitude and location of the center of pressure over time, which
were also used to calculate candidate measures of loading dose. We used paired t-tests to compare pre-
versus post-intervention values of BMC. We also used independent t-tests to compare the kinetics and
kinematics of walking between the two exoskeletons. Finally, Pearson’s correlations were calculated to
assess the relationship between the changes in BMC and the various loading dose calculations.

Results

There was a significant 2.40 + 4.83% increase in femur BMC following exoskeleton walking
therapy (p = 0.038). There was also a significant 8.34 £ 11.60 % and 4.23 + 9.80 % increase in BMC of the
epiphyseal region of the femur and tibia respectively (p<0.023). The kinematics and temporal parameters
varied between the two exoskeletons, with the Indego having a higher range of motion at the knee and
ankle, and a faster stride time and walking speed than the EKSO. Loading dose was more closely associated
with change in femur BMC versus tibia BMC (tibia r = -0.048 to -0.143, versus femur r = 0.265 to 0.457).
Change in femur BMC was most positively correlated with loading dose calculated using the femoral
epiphyseal bending strength index (r=0.457, p=0.024).

Conclusion

BMC increased in regions of the distal femur and proximal tibia following exoskeleton walking
therapy. The kinematics and kinetics between the Indego and EKSO exoskeletons varied, but not enough
to have a significant impact on the net joint forces at the ankles and knees of the users. Moderate positive
correlations between participant specific loading dose calculations using femur strength metrics suggest
that bone changes in a dose-dependent manner as a result of exoskeleton walking therapy. Assessing
changes in bone mass compared to the amount of loading during walking therapy can provide important

information to identify therapeutic targets and predict response due to exoskeleton walking therapy.
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Chapter 1: Introduction

It is estimated that there are 294,000 people in the United States living with SCI, and 17,810 more
cases occur each year (National Spinal Cord Injury Statistical Center, 2018). People with SCI experience
bone loss in the lower limbs over time following SCI, known as SCI induced osteoporosis (Battaglino et
al., 2012; Garland et al., 2001, 2008; Lobos et al., 2018; Leslie R. Morse et al., 2019; Zehnder, Liithi, et al.,
2004). Bone adapts to the amount of loading it experiences and those with SCI experience a drastic
reduction in loading following injury (C. H. Turner, 1998). SCI induced osteoporosis puts people with SCI
at a higher risk of fracture, up to 50% of those with SCI (Bauman & Cardozo, 2015; S. D. Jiang et al., 2006;
Szollar et al., 1997). When an individual with SCI sustains a fracture, he or she is at risk for respiratory
infections, pressure ulcers, urinary tract infections, thromboembolic events, depression, and delirium
(Carbone et al., 2013a). There are limited options for therapies in individuals with spinal cord injuries.
Some options for bone loss treatments include bisphosphonates, antisclerostin antibodies, mechanical and
electrical stimulation of the lower extremities, or mechanical stimulation using vibrations (Battaglino et al.,
2012).

One way to potentially reverse osteoporotic effects would be to induce mechanical loading on the
lower limbs (Battaglino et al., 2012). A unique method of inducing this mechanical loading on lower limbs
with people who have an SCI is an exoskeleton (Indego, Parker Hannifin, Cleveland, OH) and EKSO (ekso
Bionics, Richmond, CA). Exoskeletons have been used in therapy for individuals with SCI to improve gait
function and balance by moving the lower limbs using motors (Baunsgaard et al., 2018). We expect that
exoskeleton assisted walking will mechanically stimulate the lower extremities with potential therapeutic
effects.

We currently do not understand if exoskeleton walking therapy is beneficial or enough to load
bones during walking. It is well known that bone adapts to the magnitude and rate of mechanical
stimulation, but exoskeleton therapy is a unique method to apply moments and forces at ankle, knee, and

hip joints to load the lower limbs (C. H. Turner, 1998). In the broader clinical setting, mechanical loading
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using exoskeletons could improve bone health in many types of patient populations who have trouble with
balance, muscle weakness in the legs, and individuals with spinal cord injuries. We also do not know if
people with spinal cord injuries will be able to gain bone using the exoskeleton therapy. To understand the
answers to these many unknowns, a clinical trial is ongoing (NCT02533713) and involves people with
spinal cord injury under 40 years old who are between 3 to 10 years post injury. Baseline data has already
been collected on 31 participants, follow-up data has been collected on 20 people, and end of trial data has
been collected on 12 people. This clinical trial is a crossover study that lasts one year. Each participant is
randomly assigned to either exoskeleton walking therapy or usual care for the first 6 months. The groups
are switched for the remainder of the year. Computed tomography (CT) scans are taken at the beginning of
the trial, the 6-month mark, and the 12-month mark. Additionally, video data are captured of the individuals
using the exoskeleton with fiducial markers at the hip, knee, ankle, heel, and toe. Pressure sensing insoles
are also used during the clinical trial and correspond to the video footage of individuals walking in the
exoskeleton (Orpyx LogR, Orpyx, Calgary, Alberta, Canada).

One of the main goals of the clinical trial is to identify if exoskeleton assisted walking therapy
affects bone strength and structure in the lower paralyzed limbs. The purpose of this project is to quantify
changes in the bone mineral content of the distal femur and proximal tibia of the participants during the
clinical trial. Additionally, using video and pressure sensing insole data, and the known duration of
exoskeleton therapy, an estimation of bone loading dose will be calculated.

Specific Aim 1: Quantify changes in tibia and femur bone volume and bone mineral content before
and after exoskeleton therapy

The distal end of the femur and proximal tibia will be isolated in the initial, six month, and final
CT scans of clinical trial participants for quantitative analysis. The trabecular and cortical regions of distal
femur and proximal tibia will be segmented. The overall bone mineral content will be calculated from these
scans using the trabecular and cortical regions.

Specific Aim 2: Calculate net knee joint contact force and moment based on kinematics of exoskeleton
therapy videos and pressure sensing insole data
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The kinematics of the individuals walking in the exoskeleton will be analyzed and combined with
pressure sensing insole data to determine the forces and moments at the knee joint. We will also compare
Ekso vs. Indego kinematics and dynamics.

Specific Aim 3: Determine the relationship between candidate measures of “loading dose” and bone
mineral content changes.

The forces in the knee will be analyzed over the stance phase of walking and multiplied by the
duration of the participants’ therapy to calculate various candidate measures of “loading dose”. We
hypothesize that higher loading dose will be related to improved bone.

Hypothesis:

We hypothesized that exoskeleton therapy will increase participants bone mineral content in the
proximal tibia and distal femur. Additionally, we hypothesized that there would be difference in the kinetics
and kinematics between the two exoskeletons used in the clinical trial. Finally, we hypothesized that the

exoskeleton therapy will increase bone mineral content in individuals in a dose-dependent manner.
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Chapter 2: Literature Review

Bone structure and adaptation

The cells that make up bones are important for the normal physiological function and remodeling
of bone tissue itself. There are four specific types bone cells that reside within bone tissue: osteoprogenitor
cells, osteoblasts, osteoclasts, and osteocytes (Mohamed, 2008; Qiu et al., 2019). Osteoprogenitor cells
exist towards the periosteal surface of the bone and derive from differentiated mesenchymal stem cells in
the periosteum of the bone (Qiu et al., 2019). These cells act as bone cell precursors and eventually become
osteoblasts (Qiu et al., 2019). Osteoblasts exist just below the osteoprogenitor cells, and as they become
buried deeper in the matrix of the bone, they become osteocytes (Mohamed, 2008). Osteoclasts, on the
other hand, are large multinucleated cells created by the differentiation of hematopoietic progenitor cells in
the bone marrow (Bar-Shavit, 2007). Osteoclasts have ruffled edges that release acids and collagenolytic
enzymes to resorb bone (Bar-Shavit, 2007). The process of building bone by osteoblasts, and resorbing
bone via osteoclasts is a continuous process of bone remodeling.

The most prevalent and long-lasting cells in the bone are osteocytes. Osteocytes make up around 95 %
of all bone cells in the body (Franz-Odendaal et al., 2006; Frost, 1960). Lamellae are concentric rings in
the osteons, and within those osteons, osteocytes reside in gaps called lacunae (Bonewald, 2007).
Osteocytes have dendritic portions that span through small gaps in the bone matrix known as canaliculi
(Robling & Bonewald, 2020). Through these connections, osteocytes can send and receive signals from
other bone cells and the surrounding bone (Robling & Bonewald, 2020).

It is well understood that bone adapts to mechanical loading. Charles Turner summarized the rules for
bone adaptation as follows: bones adapt to dynamic loading and do not necessarily have to be exposed to
the loading for a long period of time for changes within the bone to occur, and cells within the bone can
also become accustomed to the loading they experience (C. H. Turner, 1998). Even though these rules are
well-established, being able to understand a relationship between the exact amount of loading and the bone

adaptation that occurs as a result has been the focus of many different studies. The strain that bone
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experiences it the driving mechanism for bone adaptation, thus the more strain the bone experience, the
more the bone should adapt (C. H. Turner, 1998). Miki¢ and Carter in 1995 presented an energy equivalent
strain equation that could represent the total quantity of strain as a scalar regardless of direction of the
applied strain (Mikic & Carter, 1995). They also propose the idea of a daily strain stimulus, which
incorporates the total number of independent loading cases and cycles and the equivalent strain for the
given action (Mikic & Carter, 1995). Adaptation because of higher levels of strain has been shown in
athletic populations, with a study by Faulkner et al. where young female gymnasts had higher axial and
bending strength, and higher strength indices compared to non-gymnasts of the same age (Faulkner et al.,
2003). Bone remodeling has also occurred as a result of novel loading as demonstrated by St. James and
Carroll who performed a meta-analysis of exercise regimens with premenopausal women. They determined
that the exercise protocols that incorporated odd or high impact loading resulted in an increase in BMD in
the lumbar spine and femoral neck (St. James & Carroll, 2010). More recent research has specifically looked
at how loading dose affects bone remodeling in the ultradistal radius in adult women (Troy et al., 2020).
After twelve months of loading, they determined that ‘loading dose’ had a positive correlation with the total
change in the ultradistal radius integral bone mineral content (iBMC). The conclusion was that strain rate,
and strain magnitude and the number of cycles can contribute to bone remodeling (Troy et al., 2020).

There are different theories as to how mechanical forces are received within the osteocytes. One theory
involves fluid gradients through the lacunae and canaliculi that creates shear stresses on the surface of the
osteocytes as a result of bone bending. Another theory is that drag forces on the structures that adhere the
osteocytes to the canaliculi create strain on the overall osteocyte. There is also the possibility that the spaces
in the bone, like the lacunae and canaliculi, amplify the strains on the bone immediately next to the
osteocyte, allowing it to sense the strain changes (Robling & Bonewald, 2020). Other evidence suggests
that osteocytes have primary cilia that bend and move as a result of fluid flow. This movement may have
an influence on the balance between bone resorption and formation (Malone et al., 2007). There is ample
evidence for all suggested theories, and Robling and Bonewald propose that osteocytes utilize several of
these mechanisms to balance bone remodeling overall (Robling & Bonewald, 2020).
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In addition to regulating the response of bone to mechanical activity, osteocytes also have known
signaling pathways that dictate osteoclast and osteoblast activity. To regulate the osteoclast activity,
osteocytes release RANKL or OPG molecules to either induce cell resorption, or inhibit cell resorption
respectively (Nakashima et al., 2011). Osteocytes release numerous signaling factors, but there are two that
have the most notable effect on osteoblasts: sclerostin and Dkk1, which are Lrp5/6 antagonists and inhibit
the Wnt pathway (Robling et al., 2008). In the Wnt signaling pathway, Wnt, Frizzled, and low-density
lipoprotein receptor-related protein (LRP)-5 or LRP-6 create a co-receptor complex that enables -catenin
to enter the nucleus. The B-catenin acts to encourage bone formation via osteoblast differentiation, function,
and proliferation (Battaglino et al., 2012). The Wnt pathway is crucial in dictating the level of osteogenic
response bone has to mechanical loading (Tu et al., 2012).

Overall, bone remodeling is a carefully coupled mechanism of bone breakdown via osteoclasts and
bone build up via osteoblasts. Osteocytes aid in facilitating the signaling to orchestrate these systems as a
result of mechanical signals when the bone is loaded. In the case that mechanical loading is removed, the
balanced process of bone remodeling and bones ability to become accustomed to loads, can result in less

ideal bone.
Spinal cord injury-induced osteoporosis

Spinal cord injuries can vary in their physiological impacts depending on the severity and location
of the injury. The American Spinal Injury Association has developed a technique to classify the severity of
spinal injuries. The American Spinal Injury Association Impairment Scale (AIS) was designed to
characterize spinal cord injuries by performing sensory and motor tests on different mapped regions of the
body (Roberts et al., 2017). These tests are each graded and assessed together to determine whether the
injury is complete or incomplete. The AIS helps clinicians understand if and what type of recovery is
expected in a patient based and how best to approach their therapy. In instances when the spinal cord injury
is more severe, the injury can inhibit movement of lower extremities, thus decreasing use and loading on

the lower limbs. Given that bones adapt to mechanical loading, as aforementioned, a drastic decrease in
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mechanical loading can impact the formation and activity of osteoblasts and osteoclasts, leading to
alterations in bone morphology.

It is well documented that in the first few months after injury, bones below the site of injury rapidly
demineralize (Garland et al., 2001, 2008; Lobos et al., 2018; Leslie R. Morse et al., 2019). There are two
main stages in the bone loss as a result of SCI: rapid acute bone loss, and chronic bone loss at a slower rate
(Troy & Morse, 2015). During the acute phase of bone loss, there is a decrease in bone mineral density
(BMD) in the trabecular regions of bone and cortical thinning. This bone loss usually plateaus after two
years. In the chronic phase, the bone loss is not as well characterized, but it has been shown that the BMD
and bone mineral content (BMC) decrease over this phase. Additionally, the average time until fracture is
usually nine years post injury, during the chronic bone loss phase (Troy & Morse, 2015). It has also been
documented that the greatest observed changes in bone are in weight-bearing and trabecular rich regions
like the distal femur and proximal tibia (Maimoun et al., 2006). In these regions, the microarchitecture of
the trabecular bone can begin to erode, resulting in a decrease in BMD (Battaglino et al., 2012; Maimoun
et al., 2006). The decrease in BMD can reach 40% in just two years after injury (Battaglino et al., 2012).
In regions of cortical bone, cortical thinning is observed at a much slower and steadier rate than trabecular
deterioration. Cortical bone loss is believed to be due to the resorption of the endosteal surface of the bone,
particularly in the bone shaft (Edwards et al., 2014). The cortical thinning and loss of BMD in the trabecular
regions of the bone contribute to the overall decrease in BMC that can be seen as early as one year following
injury (Battaglino et al., 2012; Maimoun et al., 2006).

Although it is evident that SCI leads to a decrease in BMC, there is debate regarding whether the
bone loss plateaus after a number of years post-injury. The years until the bone loss reaches this steady-
state is also not consistent among sources, ranging from 2 years, to 3-8 years, or even 19 years post injury
(Biering-Sorensen & Schaadt, 1990; Edwards et al., 2015; Eser et al., 2004; Jiang et al., 2006; Szollar et
al., 1997) (Edwards et al., 2015; Eser et al., 2004; Jiang et al., 2006; Szollar et al., 1997). Other studies
found that the bone loss, specifically in the trabecular regions, had a positive correlation with respect to
time since injury (Battaglino et al., 2012).
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Regardless of whether the bone loss reaches a steady-state, changes in bone physiology are evident
quickly following injury as within a few days. Hypercalciuria, which is indicative of an increase in calcium
excretion has been documented in individuals with SCI in levels higher than that of people on bedrest
(Biering-Sgrensen et al., 2009). This indicates that lack of mechanical loading alone might not be the only
aspect of SCI affecting bone physiology. Other factors may include alterations in circulation to the bones,
and hormonal changes (Maimoun et al., 2006).

To better understand how to treat spinal cord injury-induced osteoporaosis, it is hecessary to assess
the physiological changes occurring in the bone as a result of decreased mechanical loads. One signaling
pathway that has a direct impact on bone formation is the Wnt pathway, as mentioned in the previous
section. When this pathway is blocked by an inhibitor, specifically sclerostin, it can have a significant
impact on bone’s ability to remodel by decreasing osteoblastic activity and increasing osteoclastic activity.
Individuals with SCI experience this elevation in sclerostin initially until 5 years post-injury. Following this
period, the amount of sclerostin begins to decline due to there being substantially less bones, and fewer
osteocytes able to express sclerostin. This becomes an important measure for bone loss in chronic SCI
individuals (Battaglino et al., 2012).

SCl-induced osteoporosis presents itself as a significant decrease in BMD and BMC immediately
following injury, lasting many years. The changes in bone physiology are believed to be caused by a
decrease in mechanical loading associated with increased osteocyte expression of sclerostin. SCl-induced
osteoporosis puts individuals at risk for fractures even without the presence of high impact forces. Those
with SCI are 5-23 times more likely to experience fracture than those who are able-bodied of the same age
range, which can lead to serious health complications (Troy & Morse, 2015).

Treatments and therapies for bone loss after spinal cord injury

To date, there is no restorative treatment for individuals with complete spinal cord injuries. One of
the major goals associated with spinal cord injury treatments is the maintenance and protection of the

existing bone and muscle in the areas below the injured region. Such treatments include pharmacological

14|Page



approaches and physical rehabilitation techniques. One of the pharmacological treatments is the use of
bisphosphonates, such as clodronate, alendronate, and zoledronic acid (Bryson & Gourlay, 2009;
Soleyman-Jahi et al., 2018). The evidence supporting the use of bisphosphonates to reduce the rate at which
BMD decreases varies in quality and quantity. Two notable studies assessed bisphosphonate use in
individuals with chronic spinal cord injuries using alendronate (De Brito et al., 2005; Zehnder, Risi, et al.,
2004). In the study by Zehnder et al., both chronic and acute SCI individuals (0.1 — 29 post injury) were
included. Dual-energy X-ray absorptiometry (DXA) was used to assess the change in BMD at the lumbar
spine, total hip, distal forearm, distal tibial diaphysis, distal tibial epiphysis. The study concluded that after
24 months of treatment, there was a significant decrease in BMD loss at the distal tibial epiphysis, diaphysis,
and the total hip. In the De Brito et al. study, 19 participants with chronic SCI were given a 6-month
treatment of alendronate. The measurements taken in the study included BMD of the total body, upper
extremity, lower extremity, and the trunk using DXA. After 6 months of treatment, there was no significant
difference in BMD for the lower extremities between the treated and untreated groups.

Pharmacological treatments for the prevention of bone loss have more recently extended into the
realm of targeting sclerostin. Sclerostin, being the Wnt inhibitor, ultimately prevents the formation of new
bone. Sclerostin targeting antibodies have demonstrated positive effects in animal models when it comes
to preventing significant bone loss following SCI (Beggs et al., 2015; Zhao et al., 2018). Both studies
utilized rat models with complete spinal cord injuries that were administered Scl-Ab. In the study by Beggs
et al. the rats experienced an increase in formation of bone and an increase in the osteoblast surface
following three weeks of Scl-Ab administration immediately following SCI injury. In the study by Zhao et
al., twelve weeks after SCI, the rats were given Scl-Ab for eight weeks. At the end of the eight weeks, the
Scl-Ab improved the bone structure and promoted bone formation in the animals with SCI. Sclerostin
inhibiting treatments are gaining traction as romosozumab became one of the first FDA approved
medication to target sclerostin in people with osteoporosis (Graeff et al., 2015). Instead of strictly
preventing bone resorption, the mechanism of bisphosphonates, romosozumab is a monoclonal antibody
that binds and prevents sclerostin from inhibiting the Wnt signaling pathway. The drug has demonstrated
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its ability to improve trabecular and cortical bone mass, structure, and stiffness in 3 months with continued
effects 3 months post treatment. Given that there are potential secondary factors affecting SCl-induced
osteoporosis, romosozumab is currently undergoing clinical trial testing on individuals with SCI based on
the evidence in animal models (NCT04232657).

Aside from pharmacological treatments for osteoporosis and bone loss, regardless of the cause,
physical rehabilitation techniques can also be used to promote bone formation. One treatment that has been
studied is functional electrical stimulation (FES) cycling in individuals who have SCI (Frotzler et al., 2008;
Lai et al., 2010; Mohr et al., 1997). In the early study by Mohr et al., ten individuals with chronic SCI took
part in FES cycling for 12 months, three days a week, for 30 minutes a day, then six months of training
once a week. The BMD at the proximal tibia after the 12 months of 3 days a week training had increased
significantly. Following the reduced training, the BMD returned to its original value before training.
Frotzler et al. also conducted a study on eleven individuals with chronic SCI who completed FES cycling
for 12 months, several times a week for just under an hour on average. After 12 months, the trabecular and
total BMD increased significantly at the distal femur. These studies demonstrate that there is the potential
for FES cycling to play a role in improving the bone quality of individuals with chronic spinal cord injuries.
In the more recent study by Lai et al., 24 individuals with acute SCI completed FES cycling exercises for
three months, then stopped for three months (Lai et al., 2010). After three months of training, there was a
decrease in the rate at which the individuals were losing BMD in the distal femur. Following three months
without training, there was no longer a significant difference in BMD loss at the distal femur. These studies
demonstrate that continuous FES cycling could reduce the bone loss in individuals with both acute and
chronic SCI, but not necessarily prevent bone loss entirely.

Another potential non-pharmacological treatment for individuals with SCI includes the use of
exoskeletons. There are many different types of exoskeleton devices that can be used on the upper or lower
extremities. Although the different types and brands have varying configurations and overall structure, they
all have the same basic functions. They use a combination of motors and servos to control the movement
of the upper or lower extremities, allowing individuals with SCI to move and walk (Palermo et al., 2017).
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This means that the Exoskeletons themselves can be used as a mobility aid, for those exoskeletons that are
FDA approved for community use, like the Indego and the ReWalk (MekKi et al., 2018). They can provide
those with SCI independence having the ability to move on their own. Exoskeletons that are not FDA
approved for community use, but can be used in a medical facility with trained professionals, can play an
important role in rehabilitation and therapy for individuals with SCI.

In addition to providing some independence for those with SCI, there is the potential for additional
benefits associated with exoskeleton therapy including strengthening muscles and addressing secondary
health concerns associated with SCI, such as spasticity, pain, and bone weakness (Mekki et al., 2018). It is
also important to note that some studies assessing the effects of exoskeleton therapy list poor bone health
as a contraindication for treatment (Palermo et al., 2017). This has the possibility to hinder the ability of
studies to assess how exoskeleton therapy can affect bone health given that individuals having low quality
bone might be at a risk for injury when using an exoskeleton. Despite this, one study in 2017 was conducted
to evaluate how exoskeleton therapy impacted the overall BMD and body composition (Karelis et al., 2017).
The study included five individuals with SCI and a mean time post injury of 7.6 years. Training was
completed for six weeks three times a week for up to 60 minutes using the EKSO exoskeleton from EKSO
bionics. In the end of the study, researchers concluded that there were significant increases in the cross-
sectional area of individuals’ calf muscles, but no statistically significant improvement in the individuals’
tibial BMD. Another pilot study by Gordon et al. had twelve participants with SCI use a Lokomat, a
supportive device that allows users to walk on a moving platform (Gordon et al., 2013). The participants
complete six months of gait training, followed by six months without training, all while taking parathyroid
hormone (PTH), calcium, and vitamin D supplements. At the conclusion of gait training, there were
increases in BMD in the spine and hips, but it wasn’t statistically significant. There was a statistically
significant improvement in trabecular thickness in the distal femur. Although these findings support the
potential for walking therapy to be enough to load the lower limbs to be therapeutically beneficial, there is
a need for further research. Overall, there is a need for more studies to be conducting analyzing the effects
of exoskeleton therapy on individuals’ bone health.
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Even though the exoskeletons provide the same basic function, the variation in the methods for
controlling the exoskeletons, and the configuration of the components of the devices could have the
potential to impact the effectiveness of the device when it comes to therapeutic benefits. Exoskeletons can
vary in the number of actuating joints, having any combination of hip, knee, and ankle actuation. They can
also range in their mechanisms for controlling the actuation, with many of them being trajectory controlled,
meaning that the movement of the exoskeleton will always follow a set trajectory (Rodriguez-Ferndndez et
al., 2021). This is especially crucial for those individuals who have complete loss of functionality in the
lower extremities. The mechanism for initiating gait is also different for many exoskeletons. Some are
initiated using a button or joystick, while others integrate sensors into the exoskeleton and sense shifts in
weight, changes in center of pressure (COP), or other movement of the user (Rodriguez-Fernandez et al.,
2021). The possible variations in exoskeleton configurations indicates that there is a chance that there are
differences in the movement and benefits associated with each exoskeleton. To the author’s knowledge,
there are no studies assessing the kinematics and kinetic differences between different types of

exoskeletons.
Measurements of bone strength

The strength of bones is related to a number of properties of bones. It is well understood that bone
is a viscoelastic anisotropic material, meaning that the amount of loading a bone can withstand is both
dependent on the direction of loading, and the rate at which the loading occurs (Edwards et al., 2014; Hart
et al., 2017). Bone itself is also a complex composite structure composed of a collagen matrix with
hydroxyapatite dispersed throughout the matrix. The mechanical properties of bone can be best understood
and interpreted by performing whole bone mechanical testing, which can be done in the form of a three-
point, or four-point bending. This process can provide information regarding the overall strength, yield
point, cyclic loading damage, effect of strain rate on strength, and how all of these factors relate to the
overall microarchitecture of the particular bone being tested (de Bakker et al., 2017). Although this method

of mechanical testing may be beneficial when it comes to understanding bone strength, it is a destructive
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process that is only done ex vivo. To assess bone strength in vivo, non-invasive measurements and
technology have been developed over the years. These methods vary in their capabilities and limitations,
but overall provide researchers and clinician with similar information to that of physical bone mechanical
testing.

One measure that is frequently used to assess bone strength is bone mineral density (BMD; g/cm?).
BMD is the measure of the amount of hydroxyapatite within a given volume. Hydroxyapatite, as
aforementioned, is embedded in the collagenous matrix of the bone, and is the mineral form of calcium
apatite. This mineral is partially responsible for the strength of bones. Having a higher density of bone
mineral increases overall bone strength and can be an indicator for bone health as well. There are several
methods for measuring BMD, one of the most common and simplest being dual x-ray absorptiometry
(DXA) (Berger, 2002). DXA utilizes two different x-ray energies to penetrate the part of the body of
interest. The higher the density and mineral content of the bone, the more energy the bone will absorb of
the x-ray, and the less energy is measured on the other side of the body. This provides an estimate of bone
density on a two-dimensional level that is referred to as areal BMD (aBMD; g/cm?). Given that DXA
computes the volumetric density of bone mineral using a two-dimensional imaging method, it is important
to note that this cannot be a ‘true” measure in changes in BMD (W. Brent Edwards & Schnitzer, 2015). A
previous study has shown that DXA measurements have the potential to underestimate changes in BMD
when compared to other imaging modalities, namely quantitative computed tomography (QCT) (Edwards
etal., 2014).

In addition to DXA scans, an imaging technique that can also be used to assess bone health is QCT
analysis. QCT analysis still uses x-rays, but is able to map out the bone being scanned in three-dimensions.
The individual CT scans can be sliced across the imaging plane at a desired thickness to view a two-
dimensional piece of the bone. Adding these slices on top of one another creates the full three-dimensional
rendering of the bone being imaged. Individual three-dimensional pixels on the scans are known as voxels
and can be smaller or greater depending on the resolution selected for the scan (Stagi et al., 2016). A higher
resolution scan can also create more detailed images, allowing for better visualization of the
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microarchitecture of the bone. By looking at the finer details of the bone structure, researchers can analyze
the mechanism by which the bones change over time as a result of lack of loading, as is the case with SClI,
or bone strength increases as a result of therapies (Kazakia et al., 2014). The CT scan can be calibrated to
assess the density of the bone using calibration phantoms. These phantoms are regions in the scan that have
a known hydroxyapatite density. The relationship between the Hounsfield units, or the units of measure
given from the CT scan, can then be mapped to the density using these phantoms (Lang et al., 2006). This
mapping, combined with the known locations and dimensions of the voxels, is combined to compute the
overall BMD, or BMD at different regions of the bone.

And being able to assess bone density, QCT can be used to calculate other metrics of bone strength
and geometry. Using the individual slices across the bone, the cross-sectional area (CSA; cm?) of the bone
at specific regions can be calculated. CSA is an important aspect of bone geometry that has a direct
relationship on the bending strength of the bone. Having a higher CSA can impact the second moment of
area for the bone, thus decreasing the bending stress in the bone for a given moment. A study by Siu et al.
concluded that bone strength indices derived from cortical CSA (cortical BMD x cortical CSA) were better
correlated to the load experienced at fracture than cortical BMD or overall BMD (Siu et al., 2003). Building
off BMD, and general geometry measures, bone mineral content (BMC; g) can also be calculated using
QCT data. Bone mineral content is the overall quantity of the bone mineral hydroxyapatite. Much like
BMD, BMC can provide an indication of overall bone health and bone strength. BMC can be calculated by
using the average density of the bone and multiplying it by the volume of the bone of interest, all of which
can come from a QCT scan (Lang et al., 2006). BMC loss is a known effect of bone unloading and can thus
contribute to weakened bones and increase fracture risk.

In addition to BMC there are other measures of bone strength, like compressive strength index, bending
strength index, and bucking ratio. The compressive strength index (CSI; g/cm*) can be based off of BMD
and CSA. As defined by Edwards et al. the equation for CSI is iBMD?*CSA, where iBMD is the integral
bone mineral density of volumetric bone density (Edwards et al., 2014; Lang et al., 2004). Integral, in this
case, meaning all voxels within the periosteal surface of the bone. In this study, CSI was shown to have a
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high correlation to compressive stiffness as predicted by finite element modeling, indicating that CSI may
provide important information regarding the mechanical properties of bone. Similar to CSI, bending
strength index (BSI; cm?) can also provide researchers information regarding how bone will behave in
response to loading. BSI, as described by Cheng et al. is dependent on the elastic modulus weighted
moments of inertia of the bone’s cross section, and the width of the bone (Cheng et al., 2007; T. Lang et
al., 2004). The elastic modulus weighted moments of inertia are calculated using the BMD of each voxel
in the cross-section of the bone (Cheng et al., 2007; T. Lang et al., 2004). Buckling ratio (BR) is another
measure of bone strength that has demonstrated some predictability for assessing the likelihood of a fracture
in bone as well in the case of femoral necks. BR is determined by the ratio of the cortical thickness index
to the effective bone half-width. The cortical thickness index is based on the total volume of the femoral
neck, the length of the femoral neck, and the volume of the cortical bone in the region of interest (ROI).
The effective bone half width, on the other hand, is calculated using the femoral neck length and volume

(Cheng et al., 2007).

Table 1: Common measurements of bone geometry and strength

Measurement Description Equation
Area of individual
Cross-sectional area slices of bone in S Moxels,i * AT€Ayoxel
CSA (cm?) specific regions CSA = - .
average over total slices
region of interest
Number of voxels
Bone volume multiplied by the BV =n « vol
BV (cmd) volume of each voxels voxels

voxel

Average of the voxel
density multiplied

vaoxels

Bone mineral content i
BMC =

pvoxels,i

* BV

BMC (9)

by the bone volume

Nyoxels

Bone mineral density
BMD (g/cm?3)

Average density
throughout the bone

BMD = BMC/BV

Compressive strength
index
CSI (g?/cm?)

Index based on
average bone
mineral density and

CSI = BMD? x CSA
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average Cross-
sectional area of
region of interest
(Lang et al., 2006)

Bending strength index
BSI (cm?®)

Is the sum of the
effective moments
of inertia divided by
the diameter of a
circular cross-
section equivalent

Iy + 1y
w

1
— =\ 2
IX - e_ E e; * (xi - x) * AréQAyoxels
b “~=
i

BSI =

1 _
Iy = e_bz e; * (yi - y)z * AreQAyoxels
i

area (Lang et al., CSA
2004) W=2x—

Cortical thickness index
iCThi (cm)

Rfelate(_j toI the ratio : iBVr;g iBI;reg - thVreg

of cortical tissue engt engt
iCThi = 0.5 x Gtlreg _ §tlreg

volume to total bone T T

tissue in the ROI

BR = iCThi/iBTHi

The ratio of the iBVreg iBVreg — CBVrey
cortical thickness CThi = 0.5 «| [[E79threg | lengthre
Buckling ratio index to the 7T 7T
BR effective bone half
width(Cheng et al., :
2007)( ’ %
iBThi = 0.5+ |19 reg
Y
Nslices : number of slices in ROI
Nvoxels : number of voxels in ROI
areéayoxel : area of each voxel in the transverse plane
VOlvosels : volume of each voxel
Puoxels : density of each voxel
€p : cortical bone elastic modulus
ej : equivalent elastic modulus of each voxel
Xi, Vi : coordinates of the i voxel
Xy : elastic modulus weighted centroid
W : diameter of a circular cross-section equivalent area
Iy, ly : effective polar moments of intertia
iBVieg - integral bone volume of region of interest
lengthreg - length of region of interest
CBVieg : cortical bone volume of region of interest
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Summary

Bone remodeling is an important mechanism by which bone is broken down and rebuilt by
osteoclasts and osteoblasts. This process of remodeling is a carefully coupled system that is regulated by a
series of responses as a result to stimuli. One of the crucial stimuli for the maintenance of bone’s integrity
is mechanical loading. Although the specific mechanisms by which bone cells sense mechanical loading
are not fully understood, the necessity of loading is widely accepted. When mechanical loading is removed
from bone altogether, as is sometimes the case in individuals with SCI, the bone remodeling mechanism is
no longer balanced. More bone is resorbed than is being formed, leading to SCI induced osteoporosis. SCI-
induced osteoporosis is known to cause weakened bone and severe bone loss, causing bones to be extremely
susceptible to fractures that can lead to secondary health conditions. In order to image and assess the
progression of SCI-induced osteoporosis, there are different technologies to measure the bone strength,
geometry and quality, notably DXA scans and QCT analysis. They both have the ability to calculate a
measure of bone density, aBMD for DXA and BMD for QCT analysis, and BMC, important metrics
associated with bone quality, but QCT provides a three-dimensional rendering of the bone being imaged.
There are well-established methods to assess bone strength and geometry using both of these methods as
well. Despite SCI-induced osteoporosis being a common problem among those with SCI, treatments for
SCl-induced osteoporosis are limited to bisphosphonates, and more recently anti-sclerostin antibodies
undergoing clinical trial testing. An alternative to pharmacological treatments would be the use of physical
rehabilitation and therapy, that could use FES cycling, or the use of exoskeletons. FES cycling has
demonstrated some promise at slowing bone loss in individuals with SCI but may not be enough to prevent
bone loss altogether. Exoskeleton walking therapy has the potential to be able to load the affected
extremities enough to have therapeutic effects, but the numbers of trials and studies assessing this are
limited. Given this gap in current research, the aim of this study was to determine whether or not

exoskeleton walking therapy had an effect on bone quality in individuals with SCI.
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This thesis uses data that are part of a greater clinical trial including individuals with chronic SCI.
The clinical trial is an ongoing crossover study with 6 months of exoskeleton walking therapy. The purpose
of the following chapters is to assess the effects and characteristics of exoskeleton walking therapy in
individuals with SCI using QCT, video data, and pressure sensing insole data. The following chapters will
be submitted as individual manuscripts, and each chapter addresses one aim for this thesis. In Chapter 3,
we quantified the changes in tibia and femur bone volume and bone mineral content before and after
exoskeleton therapy. In Chapter 4, we calculated net knee joint contact force and moment based on
kinematics of exoskeleton therapy videos and pressure sensing insole data. In Chapter 5, we determined the
relationship between candidate measures of “loading dose” and exoskeleton-driven bone mineral content

changes.
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Chapter 3: Calculating changes in integral bone mineral content of regions of
the distal femur and proximal tibia following exoskeleton walking therapy

Introduction

It is a well-established fact that bone remodeling is impacted by the loading in which it experiences
(Battaglino et al., 2012; Garland et al., 2001, 2008; Lobos et al., 2018; Leslie R. Morse et al., 2019; Zehnder,
Lithi, et al., 2004). Bone remodeling is a carefully coupled system of breaking down and rebuilding bone
in response to loading and strains experienced by osteoclasts within the bones (Robling & Bonewald, 2020).
When loading is removed from bones altogether, there can be a substantial loss in bone as the coupled
system becomes destabilized. This bone loss is especially prevalent in individuals who have sustained an
SCI. With an SCI that results in loss of lower limb function, there is a drastic reduction in the loading
experienced by the lower limbs. Reducing the forces applied to the lower extremities causes the rapid loss
of bone and the deterioration of bone strength altogether (Garland et al., 2001, 2008; Lobos et al., 2018;
Leslie R. Morse et al., 2019). Preserving bone quality and strength is crucial in preventing fractures that
can lead to secondary health problems. To better understand the loss of bone, and the effects of therapy on
bone quality, there are different types of technology and methods to measure bone strength and geometry.
Well-established methods use QCT to create three-dimensional models of the bone (Cheng et al., 2007;
Edwards et al., 2014; Lang et al., 1997). Specifically, these methods allow for the assessment of total
integral BMC (iBMC) within a bone. In iBMC, the total BMC within the periosteal surface is calculated.
iBMC can be an indicator for overall bone strength and determine whether a therapeutic intervention has
improved bone quality.

In recent years, exoskeleton walking therapy has demonstrated its potential to be used as a
therapeutic intervention for those with SCI(Gordon et al., 2013; Karelis et al., 2017). Despite this,
longitudinal studies analyzing the effects of walking therapy on BMC with substantial sample sizes are
lacking. Here, our purpose was to utilize QCT analysis to determine if there are any changes in iBMC of

the distal femur and proximal tibia in individuals with SCI undergoing walking therapy.
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Methods

Participants

Individuals with spinal cord injury were recruited as part of a larger ongoing clinical trial, the
purpose of which is to evaluate skeletal benefits from regular exoskeleton assisted walking therapy
(NCT02533713). To enroll in the trial, individuals have to be AIS-A or AIS-B, 3-10 years post-injury, free
of known cardiovascular disease, and 40 years or younger. Additionally, participants must have complete
thoracic SCI (T3-T12), be between 158-188 cm in height, weight under 100kg, and have a Modified
Ashworth Scale (MAS) score of less than 3 in both legs, and have enough strength in the upper body to
complete sit to sit transfers. The present study included 13 participants (12 male and 1 female, age: 36.2 +
8.6 years, height: 179.0 + 8.0 cm, mass: 79.1 + 13.08 kg). All participants gave written informed consent
to participate in this institutionally approved research study.

As part of the clinical trial, each participant was assigned to walking therapy in an exoskeleton for
three hours per week, for six months. All walking therapy was supervised by trained physical therapists and
occurred within the PEAK Center at Craig Rehabilitation Hospital (Englewood, CO). The majority of the
therapy sessions were performed using an Indego exoskeleton (Indego; Parker Hannifin, Cleveland, OH);
however, some participants also used an Ekso exoskeleton (ekso Bionics, Richmond, CA) for some
sessions.

CT Scans

CT scans were taken of both legs for each participant (Revolution CT, GE Medical Systems; pixel
resolution 0.352 mm, slice thickness 1.25 mm, 100 mA*s, 120 kVp, 30 cm scan length for 15 cm each of
distal femur and proximal tibia) at zero (baseline scans), 6 (second), and 12 (third) months after the trial
began. In each scan, a calibration phantom with known hydroxyapatite concentration was placed in between
the legs of each participant (custom made calibration phantom standards for 0, 400, and 800 mg HA/cm?®)

(Figure 1). The phantoms were used to convert the CT Hounsfield units to bone density for each scan.
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Figure 1: CT Scans of both legs with calibration phantom

CT Alignment

The distal femur and proximal tibia were analyzed and aligned separately. Baseline CT images
were manually aligned along the longitudinal axes of the femur and the tibia using Mimics (Materialise,
Leuven, Belgium). Second and third scans were registered using a proven registration method demonstrated
by Edwards et a. with a combination of Mimics and Matlab software (MathWorks, Natick, MA, USA) (W.
B. Edwards et al., 2013, 2014). The epiphysis, metaphysis, and diaphysis were marked as 10, 20, and 30%
of the total length of the bone from the distal femur and proximal tibia. Femur and tibia lengths were
calculated using participant heights and anthropometric calculations from Winter (Edwards et al., 2013).

QCT Mineral Analysis

The relationship between equivalent bone density (pna) and Hounsfield units was established using
a linear equation developed using the calibration phantom: pua = (1.2+0.01)*HU + (24.8+4.5). The
periosteal surface was identified using a density threshold of 0.15g/cm? (Figure 2). In regions where the
cortical shell was thin due to the bones having a lower density, primarily at the epiphysis and metaphysis,
manual identification of the periosteal surface was performed (Figure 3). Integral, cortical, and trabecular
regions were identified using methods similar to Edwards et al. (Edwards et al., 2014). Integral regions

were comprised of all voxels within the periosteal surface. Trabecular regions were identified using a
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3.5mm in plane erosion from the integral region. The cortical region was selected using a Boolean operation
subtracting the trabecular region from the integral region. A threshold of 350 mg/cm?® was applied to the
cortical region to obtain only the voxels that fall within the density range for cortical bone. The integral
bone volume (cm®) was calculated as the total volume within the periosteal surface by multiplying the
number of voxels by their known size using Matlab 2019 (Simulink, Natick, MA). We also calculated total
femoral and tibial iBMC by averaging the density of each voxel and multiplying by the integral bone

volume, and the iBMC at the epiphysis, metaphysis, and diaphysis.

Figure 2: CT scans with thresholding without manual identification of periosteal surface

Figure 3: CT scans with manual identification of periosteal surface with cortical region (pink) and
trabecular region (blue)
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Statistical Analysis:

Statistical analyses were performed using SPSS v. 23 (IBM, Armonk, NY). To test our hypothesis

that exoskeleton walking therapy can increase iBMC, we used repeated measures ANOVA compare the

individual measures of iBMC before and after walking therapy in both left and right legs. For those variables

with significant time-related effects, post hoc paired t-tests with Bonferroni corrections were used to make

individual comparisons.

Results

In this study, we analyzed data from ten left femurs and tibias, and 13 right femurs and tibias from

13 participants. The average iBMC at the epiphyseal region in the femur and tibia and the total iBMC in

the femur increased after walking therapy (p<0.023 and p=0.038; Table 2). Average iBMC of the femur

and tibia in the epiphyseal region increased by 8.34 + 11.60 % and 4.23 + 9.80 %. The average change in

the total iBMC of the femur was 2.40 + 4.83%.

Table 2: Paired sample statistics and multivariate test significance

Multivariate M Average change in |
significance ean (g) iBMC (g) p-value
FDia_iBMC1 14.311 (2.84)
-0.08 (0.29) 0.199
FDia_iBMC2 14.230 (2.87)
FMet_iBMC1 12.109 (3.69)
_ -0.07 (0.48) 0.498
Femur FMet_iBMC2 12.041 (3.49)
(p=0.000) | Egpi iBMCL 13.869 (4.54)
+0.91 (1.21) 0.002
FEpi_iBMC2 14.776 (4.31)
FTot_iBMC1 40.289 (10.42)
+0.76 (1.64) 0.038
FTot_iBMC2 41.046 (10.01)
TEpi_iBMC1 10.110 (3.87)
+0.48 (0.94) 0.023
TEpi_iBMC2 10.590 (4.25)
Tibia TMet_iBMC1 12.115 (3.22)
= 0038 -0.05 (0.67) 0.723
(P=0.038) | TMet iBMC2 12.065 (3.16)
TDia_iBMC1 15.339 (3.77)
-0.26 (0.98) 0.206
TDia_iBMC2 15.074 (3.47)
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TTot_iBMC1 37.564 (10.04)

+0.16 (2.16) 0.720
TTot_iBMC2 37.728 (10.13)

FEpi_iBMC1, FMet_iBMC1, FDia_iBMC1 : femoral iBMC at the epiphyses, metaphyses, and diaphysis
for time point 1, before walking therapy

FEpi_iBMC2, FMet_iBMC2, FDia_iBMC2 : femoral iBMC at the epiphyses, metaphyses, and diaphysis
for time point 2, after walking therapy

FTot_iBMC1: total femoral iBMC for time point 1, before walking
therapy
FTot_iBMC2 : total femoral iBMC for time point 2, after walking therapy

TEpi_iBMC1, TMet_iBMC1, TDia_iBMC1: tibial iBMC at the epiphyses, metaphyses, and diaphysis
for time point 1, before walking therapy

TEpi_iBMC2, TMet_iBMC2, TDia_iBMC2: tibial iBMC at the epiphyses, metaphyses, and diaphysis
for time point 2, after walking therapy

TTot_iBMC1: total tibial iBMC for time point 1, before walking therapy
TTot_iBMC2: total tibial iBMC for time point 2, after walking therapy
Discussion

The effects of exoskeleton walking therapy on bone remodeling is still an ongoing area of research.
The question we aimed to answer with this study was whether or not walking therapy increased the amount
of bone within an individual’s tibia and femur. The purpose of this study was to characterize the changes
in iBMC in different regions of the tibia and femur, and the total iBMC of both bones. We achieved this by
using a combination of QCT analysis with Mimics software and mineral calculations using Matlab of the
CT scans before and after walking therapy. We determined that there was a significant increase in iBMC at
the epiphyseal region of the femur (8.34 £ 11.60 %) and tibia (4.23 £ 9.80 %) and the total femur iBMC
(2.40 £ 4.83%) before and after walking therapy (p<0.023 and p=0.038; Table 2).

During the acute stages of SCI, there is a drastic reduction in iBMC, namely in the proximal tibia
and distal femur. These decreases were most drastic in the epiphyseal regions of the proximal tibia and
distal femur, reaching up to 3-3.6% iBMC loss per month (Biering-Sorensen & Schaadt, 1990; Edwards et
al., 2015; Eser et al., 2004; Jiang et al., 2006; Szollar et al., 1997). The individuals in this study were 3-10
years post injury, meaning that they were in the chronic stage of SCI. It has been debated whether or not
bone loss reaches a steady-state after 2 years, 3-8 years, or as long as 19 years after injury (Battaglino et

al., 2012). Other research has found that there may be a positive correlation between bone loss and time
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since injury in trabecular rich regions (Edwards et al., 2015; Eser et al., 2004). The bone loss that occurs
following an SCI has been described using an exponential decay curve (Edwards et al., 2015; Eser et al.,
2004). Based on the understanding that bone loss reaches a steady-state after 2 years, or 3-8 years, the
individuals in this study should have reached, or are almost at a steady-state of bone loss. The iBMC loss
at the metaphyseal and diaphyseal regions of the tibia and femur, and the total iBMC loss in the tibia, was
not significant, which could be a result of the bone loss reaching an equilibrium. Given that this was a
crossover study, the observational time period can provide information about if the bone loss had reached
that steady-state.

The significant change in iBMC indicates that exoskeleton walking therapy may have an impact
on bone remodeling. Other variables demonstrated non-significant decreases, thus the individual were at
their steady-state of bone loss. Provided that the only significant changes to the variables were positive,
exoskeleton walking therapy appears to disrupt this bone loss and induce bone formation. The epiphyseal
region, being trabecular rich, has demonstrated the highest decrease in BMC in prior longitudinal studies
assessing loss in BMC following SCI (National Spinal Cord Injury Statistical Center, 2018). Given that this
is one of the few regions to have significant changes in the iBMC before and after walking therapy, this
could provide some indication of how the bone is responding to the walking therapy.

There were several limitations associated with this study. One limitation was the relatively small
sample size. The CT scans are part of an ongoing clinical trial and post walking therapy data for some
individuals are still in the process of being collected. In some instances, there were missing scans, or missing
individual sides for those who were unable to return for post-walking therapy scans, or who missed one
side during the scan. Additionally, some individuals did not complete the clinical trial.

In summary, we calculated and compared the iBMC of regions in the distal femur and proximal
tibia following exoskeleton walking therapy in individuals with chronic SCI. We observed significant
increases in the epiphyseal iBMC in the femur and the total iBMC for the femur. The epiphyseal iBMC in

the tibia also increased, but not significantly. All other measures of iBMC experienced a slight decrease
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following walking therapy, but none of these changes were significant. The results of this study demonstrate

that walking therapy has the potential to induce changes in the iBMC in specific regions in the lower limbs.

32|Page



Chapter 4: Kinematics and kinetics of exoskeleton-assisted walking in people
with spinal cord injury: Comparison of two different exoskeletons

Introduction

Approximately 294,000 people are living in the United States with a spinal cord injury (SCI)
(National Spinal Cord Injury Statistical Center, 2018). Spinal cord injuries can impact the quality of
people’s lives by limiting mobility in the lower extremities and creating high cost health problems over
time. The average yearly health costs and medical expenses for people with spinal cord injuries can range
from $45,000 to $1,000,000 (National Spinal Cord Injury Statistical Center, 2018). This can increase with
subsequent re-hospitalizations, which occur in about 30% of people with SCI (Carbone et al., 2013b;
Dejong et al., 2013). A fracture in a person with SCI is likely to cause a number of problems associated
with re-hospitalization, including urinary tract infections, pneumonia, and pressure ulcers (Bauman &
Cardozo, 2015; Chantraine et al., 1986; Jiang et al., 2006).

People with SCI are at a high risk of fracture due to the bone loss that occurs as a result of their
injuries (C. H. Turner, 1998). Bone adapts to its mechanical loading environment. In individuals with SCI,
the lack of mobilization and weight-bearing in the lower extremities are major contributors to bone loss
(Battaglino et al., 2012). There are limited options for therapies in individuals with spinal cord injuries.
Some include drugs to treat osteoporosis (for example, bisphosphonates and antisclerostin antibodies,
mechanical and electrical stimulation of the lower extremities, and mechanical stimulation using vibrations
(Baunsgaard et al., 2018).

Recently, exoskeletons have become more widely available to the rehabilitation community. These
represent a potentially unique method of mechanical loading on lower limbs for people with SCI.
Exoskeleton devices have been used in therapy for individuals with SCI to improve gait function and
balance by inducing movement in the lower limbs using motors (C. H. Turner, 1998). Exoskeleton walking
therapy applies moments and forces at ankle, knee, and hip joints to allow a person to walk with assistance,

and bear weight through the lower extremities (Talaty et al., 2013). Being able to calculate the moments
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and forces within the ankles and knees during exoskeleton therapy can provide information about how much
the joints are loaded (Cheu et al., 2018). We currently do not know whether exoskeleton walking therapy
can adequately load the lower limbs to provide therapeutic benefits to the bone of individuals using them.
Furthermore, forces occurring within the user’s ankles and knees may differ depending on the type of
exoskeleton. Additionally, the use of mobility aids, such as walkers and crutches, may decrease the forces
transmitted through the ankles and knees, decreasing the likelihood of benefits to bone.

Here our purpose was to utilize video motion capture and pressure sensing shoe insoles to determine
the kinematics and kinetics at the ankles and knees of individuals with SCI during exoskeleton walking
therapy. Secondarily, we compared gait kinematics and kinetics during walking between two different types
of exoskeletons. Characterizing exoskeleton walking dynamics is important to determine potential benefits

of these devices and for establishing safety criteria to prevent injury in users.

Methods

Participants

Individuals with spinal cord injury were recruited as part of a larger ongoing clinical trial, the
purpose of which is to evaluate skeletal benefits from regular exoskeleton assisted walking therapy
(NCT02533713). To enroll in the trial, individuals have to be AIS-A or AIS-B, 3-10 years post-injury, free
of known cardiovascular disease, and 40 years or younger. Additionally, participants must have complete
thoracic SCI (T3-T12), be between 158-188 cm in height, weight under 100kg, and have a Modified
Ashworth Scale (MAS) score of less than 3 in both legs, and have enough strength in the upper body to
complete sit to sit transfers. The present study had an additional limitation of shoe size (due to our pressure-
sensing insoles) and included 12 participants (11 male, 1 female age: 36.3 + 9.0 years, height: 177.8 £ 7.6
cm, mass: 77.4 £ 12.8 kg); Table 3). All participants gave written informed consent to participate in this

institutionally approved research study.
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Table 3: Participant Demographic Information

Participant ID Age Sex Height (cm) Baseline Weight (kg) Exoskeleton(s)
1010 48 Male 175.26 82.628 Indego
1011 39 Male 182.88 78.996 Ekso
1013 23 Male 172.72 82.174 Indego
1018* 24 Male 185.42 84.898 Both
1023 28 Male 177.8 69.235 Indego
1028* 50 Male 172.72 105.782 Indego
1040 38 Male 190.5 53.4358 Ekso
1041 43 Male 182.88 78.996 Both
1055** 27 Male 180.34 67.873 Both
1059 35 Female 162.56 70.824 Indego
1064°% 40 Male 180.34 84.898 Indego
1070 40 Male 170.18 69.235 Indego

* = missing video data
** = missing pressure data using the EKSO

$ = foot cut off in video data

As part of the clinical trial, each participant was assigned to walking therapy in an exoskeleton for
3 hours per week, for 6 months. All walking therapy was supervised by trained physical therapists and
occurred within the PEAK Center at Craig Rehabilitation Hospital (Englewood, CO). The majority of the
therapy sessions were performed using an Indego exoskeleton (Indego; Parker Hannifin, Cleveland, OH);
however, some participants also used an Ekso exoskeleton (ekso Bionics, Richmond, CA) for some
sessions. During the last month of the 6-month intervention, video recordings and pressure-sensing insole
data were collected during one of the therapy sessions. Three participants returned to the clinic one month

later for video and pressure-sensing insole data collection on the other exoskeleton.
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Video and Force Data Collection

During the data collection session, sagittal plane videos were recorded of each participant walking
in a straight line in front of a plain wall. A meter stick was placed on the wall to provide a scale within each
video image. White circular stickers were placed on the lateral toe, ankle, knee, and hip of the exoskeleton.
The toe marker was placed directly on the participant’s shoe for the Indego, and on the lateral foot plate for
the EKSO. The position of each participant’s heel was estimated manually, based on the toe position while
the foot was flat on the floor. Using these markers, we tracked the sagittal plane movements of the thigh,
shank, and foot that were facing the camera throughout the gait cycle.

Simultaneously, pressure sensing insoles (Orpyx LogR, Orpyx, Calgary, Alberta, Canada), were
used to capture data regarding the center of pressure (COP) location and foot plantar surface reaction force
(PRF) magnitude for each foot. In a small validation study using able-bodied individuals, we found that
PRF during walking visually matched forceplate data (Id et al., 2019). The data capture was synchronized
with the video footage using a timer, with temporal alignment visually confirmed at heelstrike by the
investigators who performed the analysis (NM and KLT). Key outcomes included peak PRF and time of
peak (expressed as percent stance), peak PRF loading rate (calculated as the maximum slope of the PRF

versus time curve), cadence, stance time, and swing time (expressed as a percent of the total gait cycle).

Kinematics Calculations

To track the position of the markers during the gait cycle, we used the free motion analysis software
Kinovea (Y. Fang et al., 2017). First, the video was scaled using the meter stick. Next, a point was placed
at the position of each marker and tracked throughout the course of the motion. Within the global coordinate
system of the video image, the x and y-coordinates of each point with reference to its starting position were
then exported to a spreadsheet. We assumed that the participant kinematics were identical to the exoskeleton
kinematics in the sagittal plane. The kinematic analysis included the entire gait cycle and a single gait cycle

was measured for each video recording. An average of 2.2 + 0.7 videos were measured for each participant.
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We defined the knee angle as the angle between the shank and the thigh on the posterior side of the
participant, and the ankle angle as the angle between the foot and the shank on the anterior side of the
participant (Figure 4). Key outcomes included knee and ankle angles over the entire gait cycle, and range
of motion (maximum — minimum) during the gait cycle. Average walking speed and stride length were
collected from the outputs given by the exoskeleton if available. If unavailable, the stride length and walking
speed were calculated using the distance the foot traveled, and the distance over time respectively based on

the video footage.

Figure 4: Orientation of knee and ankle angles during walking therapy

Kinetic Calculations

To calculate the net joint forces and moments at the ankles and knees, we calculated segment
centers of mass (COMSs) and moments of inertia using SCI specific anthropometric data (Id et al., 2019).
The Kkinetic analysis was limited to the stance phase, defined as heel-strike to toe-off. Because the pressure-
sensing insole measured the force at the plantar surface of the foot, the net joint forces and moments
calculated here reflect those experienced by the user and do not include inertias or masses of the exoskeleton
itself. A recursive Newton-Euler approach was used, neglecting the mass of the shoes (Equations 1-4).
Fank + PRF + Mfootd = Mroot Afoot 1)

Tank T Tank X Fank + Tprr X PRF = Ifootafoot 2)
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Fknee - Fank + mshankg_ = Mshank Ashank (3)

—Tank + Tknee + Tknee X Fknee + Tank X _Fank = Ishankashank (4)

Here, F,, is the net force across the ankle, PRF is the plantar surface reaction force as explained

previously, mg,,; is the mass of the foot, g is the acceleration due to gravity, and @y, is the linear

acceleration of the entire foot determined from the video data (Rodriguez-Fernandez et al., 2021). T, iS

the net ankle joint moment, 7, is the vector from the COM of the foot to the ankle marker and 75 is the
vector from the COM of the foot to the location of the PRF (the center of pressure). We assumed that the

PRF acted perpendicular to the bottom of the foot. I, is the moment of inertia of the foot about its COM
and as,, is the angular acceleration of the foot, determined from the video data. Key outcomes included

net joint forces and moments at the ankle and knee during the stance phase, and peak ankle and knee

moments.

Statistical Analysis

Means of all outcome variables were calculated across all gait cycles for each participant in each
type of exoskeleton. Descriptive statistics were calculated for each of the outcome variables, and were
assessed for normality. To account for differences in body size, forces were normalized by body mass and
moments were normalized by body mass*height. Related variables (for example, all temporal/spatial
variables) were grouped together in multivariate analysis of variance (ANOVA) to compare the two types
of exoskeletons. Although 3 of our 12 participants walked in both exoskeletons, data from the two
exoskeletons were treated as independent and we did not consider participant to be a repeated measure. For
all variables we examined the univariate contributions using independent sample t-tests. All calculations

were performed using SPSS v. 23 (IBM, Armonk, NY) and we considered a.=0.05 to be significant.

38|Page



Results

Knee and ankle kinematics were significantly different between the two types of exoskeletons. The
knee and ankle ranges of motion and maximum angles (Figure 5) were significantly higher in the Indego
than the EKSO (Table 4). Participants using the EKSO had significantly slower stride times than those
using the Indego (Table 4).

Although the net joint forces and peak PRF did not reach one body weight for the EKSO and
exceeded one body weight for the Indego, the differences were not significant due to the small sample size
and large between-participation variation (Figure 6). Similarly, most net joint moments were not
significantly different between devices, although the means were about twice as large in the Indego versus
the EKSO (Figure 7). Only the maximum ankle moment was different between the two exoskeletons, with
the EKSO moment being 64% smaller than that of the Indego (Table 4; p< 0.043).

Multivariate tests confirmed significant differences in kinematics and temporal variables between
the two exoskeletons. All kinematic variables except for minimum knee angle were significantly different,
with the Indego achieving a 73% and 35% larger range of motion at the ankle and knee, respectively. In the
temporal multivariate test, stride time and ten-meter walking speed were both significantly different

between exoskeletons. Walking in the Indego is 50% faster, resulting in a 31% shorter stride time.
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Figure 5: Knee and ankle kinematics versus gait cycle for both exoskeletons

40|Page



Knee Forces Indego

Knee Forces EKSO

20 20
18 18
16 16
R 14 14
212 2 1
z <
;10 810---------
(&)
2 2
6 6
4 4
2 2
0 0
0 50 100 0 50 100
% Stance Phase % Stance Phase
1010 1013 1023 e=—1041
1055 1059 1070 e=mmm|ndego 1011 1040 1041 EkSO e EKSO
Ankle Forces Indego Ankle Forces EKSO
20 20
18 18
14 14
21 212
b= <
;10 q)10---------
(&)
S s 5 8
LL L
6 6
4 4
2 2
0 0
0 50 100 0 50 100
% Stance Phase % Stance Phase
1010 1013 1023 ——1041
1055 1059 1070 emmmm|ndego 1011 1040 1041 EKSO emmmmEKSO

Figure 6: Knee and ankle forces versus stance phase for both exoskeletons
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Figure 7: Knee and ankle moments versus stance phase for both exoskeletons
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Table 4: Kinetics, kinematics, and temporal parameter averages and t-test results

Group Statistics

Exoskeleton

Dependent Variable
(n=Indego / Ekso) Indego EKSO p-values
Max knee (N/kg) n = 7/3 11.71 (4.40) 6.66 (0.62)
Max ankle (N/kg) n = 7/3 11.49 (4.41) 6.29 (0.65)
Forces
=0.371
P Peak PRF (N/kg) n=10/4 11.73 (3.83) 8.16 (2.38)
Peak PRF loading rate
(N/kg/s) n = 10/4 65.81 (50.42) 26.12 (12.63)
Knee Range of Motion
(degrees) n = 8/4 69.04 (6.40) 51.03 (3.90)
Min Knee (degrees) 108.94 (6.69) 115.36 (5.00)
n=8/4
L (S(jjg’ees) 177.98 (2.52) 166.38 (3.50)
Angles W=
p=0.014
Ankle Range of Motion
(degrees) n = 713 28.55 (6.21) 16.53 (3.84)
M N © (IETE2S) 85.06 (5.51) 76.24 (1.28)
n=7/3
Max ankle (degrees) 113.60 (8.34) 92.78 (2.83)
n=7/3
Min knee (N*m/(kg*m)) B )
gt 3.06 (1.57) 1.33 (0.85)
Max knee (N*m/(kg*m
e (Nmikgm)) -0.67 (0.719) -0.18 (0.285)
Moments
p=0.400 Min ankle (N*m/(kg*m))
in ankle (N*m *m
i 9 -2.15 (0.958) -1.20 (0.363)
Max a”k'ne:('\;g" (kg*m)) -0.596 (0.261) -0.215 (0.083)
Stride time (s) n = 10/5 2.35 (0.253) 3.42 (0.368)
Temporal . . .
Parameters | Stance time (% Stride time) 72.14 (4.97) 74.57 (1.65)
e n = 10/5
p=0.028
swing time (% Stride time) 27.76 (4.84) 25.83 (1.44)

n = 10/5
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Ten meter walking speed
(m/s) n = 8/4 0.397 (0.099) 0.264 (0.060) 0.035
Ten meter stride length
(cm) n = 8/4 105.04 (20.75) 87.05 (19.74) 0.181
%Stance Phase of max
knee force n = 7/3 54.69 (7.83) 48.00 (10.70) 0.295

Discussion

The therapeutic benefits of exoskeleton walking therapy in participants with spinal cord injuries
has been difficult to determine. The overarching question we are interested in is whether the loading on the
lower limbs is enough to affect the bone quality of SCI participant. The purpose of this study was to
characterize the kinetics and kinematics associated with exoskeleton walking therapy. We assessed these
variables using a combination of video footage and pressure sensing insoles to quantify the participant
specific kinematics and kinetics. Overall, the two exoskeletons performed slightly differently, with larger
ranges of motion and faster walking speeds being achieved with the Indego versus the EKSO. This was
associated knee forces of approximately one bodyweight through the lower limbs in the Indego, and about
65% bodyweight using the Ekso. However, the three participants who walked in both exoskeletons did not
consistently show lower forces in the EKSO, suggesting that weightbearing may not necessarily differ
between the two devices.

Looking at the data overall, during walking there was greater variation in the knee and ankle forces
than that of knee and ankle angles. Both exoskeletons include trajectory control of the legs and adjustment
of step parameters by a therapist (Moisio et al., 2003). This results in fairly consistent joint angles over time
(normalized to the length of the stance phase). However, the net joint force calculations relied on data from
pressure-sensing insoles. The insoles measured the forces on the plantar surface of the participant’s feet,
and thus reflect the loading actually experienced by their body. However, all participants walked with an

assistive device, typically a walker, and the amount of weight transmitted through that device varied over
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the gait cycle and from person to person. This may explain some of the between-participant variation we
observed in net joint forces.

The net joint moments in the ankle were smaller than those observed in able-bodied walking using
both exoskeletons. The net joint moments at the ankle were 77% smaller and 87% smaller in the Indego
and EKSO respectively. Both exoskeletons have passive spring mechanisms at the ankle, which limits the
range of motion and allows for some elastic energy storage and return. At the knee, the net joint moments
still varied from that experienced during able-bodied walking, but using the Indego, the net moments were
9-22% greater, whereas in the EKSO, the net moments were and 48-54% smaller than able-bodied walking
(D’Lima et al., 2012). The moments that we report here reflect the total moment that must be applied to the
participant’s joint to produce the observed motion. However, unlike in able-bodied gait, individuals with
complete SCI have no voluntary muscle contraction and rely completely on the exoskeleton actuators to
generate the observed motion. Thus, while joint contact forces and the resulting skeletal loading are
typically 2.5-2.8 bodyweights during able-bodied walking due to muscles acting with a small moment arm
(Shields & Dudley-Javoroski, 2006), we estimate that the joint contact forces at the knee for these
participants are closer to 1 bodyweight. This still may be sufficient to have a positive effect on bone. For
example, isometric ankle plantarflexion with electrical stimulation was osteogenic with approximately 1
bodyweight of force across the distal tibia (Schache et al., 2011). The parent clinical trial data will ultimately
address the degree to which exoskeleton walking therapy can benefit bone health in this population.

The Indego resulted in slightly larger net joint forces and rates of force application at the ankles
and knees compared to the EKSO. At the same time, walking speed for the EKSO was significantly slower
(25 cm/s versus 44 cm/s). Since ground reaction and joint forces increase with increasing speeds
(Rodriguez-Fernandez et al., 2021), it’s possible that much of the between-exoskeleton differences arise
from walking speed. However, the two exoskeletons also have different control systems, which may
influence kinetics. The EKSO initiates a step in response to a side-to-side weight shift or a push-button on
a crutch. In contrast, the Indego initiates a step in response to a forward lean and anterior shift in center of
pressure (Turner & Robling, 2003). A forward leaning configuration requires a longer step and larger
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ground reaction force to maintain stability. Although our pressure sensing insole system was unable to
measure shear forces, it is likely that the longer Indego steps included a greater frictional shear component
as well.

This study had several limitations. Because only one individual had complete data from both
exoskeletons, our between-exoskeleton comparison was not as robust as would be ideal. Additionally, there
were uneven cohort sizes between both exoskeletons. In those who did have paired data, there were no
consistent differences in the PRFs recorded in each of the exoskeletons. Another limitation to this study is
that the video and insole data were collected at the end of the six months of walking therapy. It is likely
that gait kinetics and kinematics changed as the training progressed, both by changing mobility aids and
reducing the reliance on the aid during walking. However, the data were collected at the same point during
gait training for all participants. Finally, the pressure sensing insoles themselves may not have been as
accurate during this type of assisted walking as they are during able-bodied walking. These insoles do not
have 100% coverage of the sole of the foot, and rely on an algorithm to translate plantar pressure into net
force. However, because the exoskeleton lifts the foot during swing phase, the insole is never entirely
unloaded as it would be during able-bodied walking.

In summary, this study characterized the kinematics and kinetics associated with exoskeleton
walking therapy in individuals with chronic SCI. Individuals with SCI experience a decrease in bone mass
and strength and exoskeleton walking therapy has the possibility of loading the lower extremities. We
calculated the net forces and moments experienced at the ankle and knee during exoskeleton walking
therapy using two separate exoskeletons. The forces generated during walking therapy were lower than
able-bodied walking, but may potentially be osteogenic, based on prior studies with similar loading being
applied to bone. Additionally, the net knee moments using the Indego were slightly higher than that
experienced during able-bodied walking. Thus, certain aspects of exoskeleton therapy could resemble able-
bodied walking. The results of this study have the potential to allow clinicians to tailor walking therapy to

individual patients, and better understand how exoskeleton therapy loads the lower extremities.
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Chapter 5: Establishing the relationship between exoskeleton walking therapy
loading dose and changes in integral bone mineral content

Introduction

Bone’s ability to remodel can be induced by the mechanical loads it experiences. When loads are
removed from the bone altogether, as can be the case with SCI, the bone strain decreases and remodeling
can be shifted in the direction of losing bone faster than bone is being rebuilt. This leads to SCI-induced
osteoporosis, making the bones weak and fracture prone. By adding mechanical loading back to the bone,
there is the potential that bone remodeling could be shifted in the other direction, towards the formation of
bone instead of higher levels of resorption.

Prior research has demonstrated that different activities, and their frequency, and duration have an
impact on how bone responds to them. Although various theoretical relationships have been proposed to
predict osteogenic response, they all have real-world limitations. One method proposed to predict changes
in bone mass based on exercise is the Osteogenic Index using loading cycles, and exercise intensity (Turner
& Robling, 2003). Similarly, self-reported questionnaires like the bone specific physical activity
guestionnaire (BPAQ), and the bone loading history questionnaire (BLHQ) use block recordings of activity
and the duration of the activity over an individual’s lifespan. The activities are characterized based on
previously collected ground reaction force (GRF) data to determine the loading on the bones, overall (Dolan
etal., 2006). The problem with these measures is that prospective animal studies to look at the predictability
of these measures all use strain as a measure of bone loading, whereas human studies do not. This disconnect
could affect the predictive ability of the models as there is variation between individual bone structure,
resulting in strains that span over a 5-fold range for a given applied force (Mancuso et al., 2018). Although
these calculations and questionnaires can help us understand how the quality of bone is affected by loading
from specific activities, it is unclear how this could help predict changes in SCI-induced bone loss as a

result of loading.
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Even though there isn’t a complete understanding of how loading from different activities affects
SCl-induced loss of bone mass, there are several different therapies that have been tested to treat this bone
loss, including functional electrical stimulation (FES) rowing and cycling. A newer method to load the
lower limbs is to use exoskeleton walking therapy which allows individuals with SCI to walk powered by
motors and servos connected to an external frame. Given that the users are walking upright and supporting
their own body weight, there is the potential that the forces through the lower limbs could be higher than
that of other physical interventions. FES rowing is a whole-body exercise, but studies have shown that there
is not a large amount of force traveling through the lower limbs, even though this could be altered through
changes in positioning and speed (Draghici et al., 2017; Fang et al., 2021). Numerous studies have shown
improvements in BMD following FES cycling, but when FES cycling therapy was stopped, the therapeutic
effects immediately were halted or reversed (Frotzler et al., 2008; Lai et al., 2010; Mohr et al., 1997). Given
that exoskeleton walking therapy allows the users to support their own body weight, unlike in FES rowing
or cycling, there is a greater likelihood that the loading will be higher in the lower limbs during walking
therapy.

The purpose of this study is to assess the relationship between candidate measures of loading dose
and the change in iBMC of the proximal tibia and distal femur following six months of exoskeleton walking
therapy. We hypothesized that there would be a positive relationship between the loading dose and the
change in iBMC in the tibia and femur.

Methods

Overview

As part of an ongoing clinical trial, CT scans were acquired in participants before and after 6 months
of exoskeleton walking therapy. QCT analysis was used to quantify changes in iBMC in various regions of
the proximal tibia and distal femur. We also calculated participant-specific measures of bone strength using
QCT in both the tibia and the femur. These measures of bone strength were combined with the number of

steps each individual took and the average plantar loading rate for each step to calculate a family of
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participant-specific loading dose measures. The loading dose measures were then compared to the
prospectively measured changes in iBMC within different regions to determine the degree to which they
were related to one another.

Participants

Individuals with spinal cord injury were recruited as part of a larger ongoing clinical trial, the
purpose of which is to evaluate skeletal benefits from regular exoskeleton assisted walking therapy
(NCT02533713). To enroll in the trial, individuals have to be AIS-A or AIS-B, 3-10 years post-injury, free
of known cardiovascular disease, and 40 years or younger. Additionally, participants must have complete
thoracic SCI (T3-T12), be between 158-188 cm in height, weight under 100kg, and have a Modified
Ashworth Scale (MAS) score of less than 3 in both legs, and have enough strength in the upper body to
complete sit to sit transfers. The present study included 13 participants (12 male and 1 female, age: 36.2 £
8.6 years, height: 179.0 + 8.0 cm, mass: 79.1 + 13.08 kg). All participants gave written informed consent
to participate in this institutionally approved research study.

As part of the clinical trial, each participant was assigned to walking therapy in an exoskeleton for
three hours per week, for six months. All walking therapy was supervised by trained physical therapists and
occurred within the PEAK Center at Craig Rehabilitation Hospital (Englewood, CO). The majority of the
therapy sessions were performed using an Indego exoskeleton (Indego; Parker Hannifin, Cleveland, OH);
however, some participants also used an Ekso exoskeleton (ekso Bionics, Richmond, CA) for some
sessions.

Pressure Insole and Exoskeleton Data

To obtain a measure of how much loading the users were experiencing in their lower limbs, Orpyx
(Orpyx LogR, Orpyx, Calgary, Alberta, Canada) pressure sensing insoles were used for nine participants
during their walking therapy. This is the same subset of participants from Chapter 4 who took part in the
video gait data collection. The insole collected the magnitude of the plantar reaction force over time. The

peak loading rate (N/s) was determined by averaging the change in force over the change in time for
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multiple loading cycles for each participant. Both exoskeletons recorded the total number of steps for each
walking therapy session for each participant.
CT Scans

CT scans were taken of both legs for each participant (Revolution CT, GE Medical Systems; pixel
resolution 0.352mm, slice thickness 1.25mm, 100mA s, 120kVp, 30cm scan length for 15cm each of distal
femur and proximal tibia) at zero (baseline scans), six (second), and twelve (third) months after the trial
began. In each scan, a calibration phantom with known hydroxyapatite concentration was placed in between
the legs of each individual (custom made calibration phantom standards for 0, 400, and 800 mg HA/cm?®)
(Figure 1). The phantoms were used to convert the CT Hounsfield units to bone density for each scan.
CT Alignment

The distal femur and proximal tibia were analyzed and aligned separately. Baseline CT images
were manually aligned along the longitudinal axes of the femur and the tibia using Mimics (Materialise,
Leuven, Belgium). Second and third scans were registered using a proven registration method demonstrated
by Edwards et a. with a combination of Mimics and Matlab software (MathWorks, Natick, MA, USA)
(Edwards et al., 2013). The epiphysis, metaphysis, and diaphysis were marked as 10, 20, and 30% of the
total length of the bone from the distal femur and proximal tibia. Femur and tibia lengths were calculated
using participant heights and anthropometric calculations from Winter (Lang et al., 2006).

QCT Mineral Analysis

The relationship between equivalent bone density and Hounsfield units was established using a
linear equation developed using the calibration phantoms. The periosteal surface was identified using a
density threshold of 0.15g/cm? (Figure 2). In regions where the cortical shell was thin due to the bones
having a lower density, primarily at the epiphysis and metaphysis, manual identification of the periosteal
surface was performed (Figure 3). Integral, cortical, and trabecular regions were identified using methods
similar to Edwards et al. (Lang et al., 2004). Integral regions were comprised of all voxels within the
periosteal surface. Trabecular regions were identified using a 3.5mm in plane erosion from the integral
region. The cortical region was selected using a Boolean operation subtracting the trabecular region from
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the integral region. The integral bone volume (cm?) was calculated as the total volume within the periosteal
surface by multiplying the number of voxels by their known size using Matlab 2019 (Simulink, Natick,
MA). We also calculated total femoral and tibial iBMC by averaging the density of each voxel and
multiplying by the integral bone volume, and the iBMC at the epiphysis, metaphysis, and diaphysis.

Bone Strength Calculations

To obtain participant-specific bone strength metrics used in the loading dose calculations, we used
Matlab to calculate various measures of bone strength including the buckling ratio of the entire tibia,
bending strength index, and compressive strength index of the epiphysis, metaphysis, and diaphysis of the
tibia. The equations used can be found in Table 5. The epiphysis, metaphysis, and diaphysis of the tibia
were defined as 10, 20, and 30% of the total length of the tibia from the proximal most point of the tibia.

Table 5: Bone strength calculations for loading dose

Measurement Description Equation

Index based on
average bone mineral
density and average
cross-sectional area of
region of interest
(Cheng et al., 2007)

Compressive strength index

— 2
CSI (g%/cm*) CSI = BMD?  CSA

Iy +1
BsI = XY

Is the sum of the
effective moments of

BSI (cmd)

Bending strength index

inertia divided by the
diameter of a circular
cross-section
equivalent area (Lang
etal., 2004)

1
— =\ 2
IX - - E e; * (xi - x) * aréAyoxels
€p &=
i

1 _
Iy = gz e * (y; — y)z * aréyoxels
i

CSA
W:Z* _—
s

Buckling ratio
BR

The ratio of the
cortical thickness
index to the effective
bone half width(Cheng
et al., 2007)

BR = iCThi/iBTHi

iBVreg iBV;”eg — CBV;’eg
length length
iCThi = 05+ | |——0-2res. _ G e
1 I
iBThi = 0.5 *

BMD
CSA

: bone mineral density
: cross-sectional area
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areavosel : area of each voxel in the transverse plane

€b : cortical bone elastic modulus

ei : equivalent elastic modulus of each voxel

Xi, Yi : coordinates of the i voxel

Xy : elastic modulus weighted centroid

W : diameter of a circular cross-section equivalent area
Ix, ly : effective polar moments of intertia

iBVreg : integral bone volume of region of interest

lengthreg - length of region of interest

CBVireg : cortical bone volume of region of interest

Loading Dose Calculations

Participant specific loading dose calculations were developed based on previously published
equations to describe bone loading stimulus using loading intensity, cycles, and a measure of bone strength
(Troy et al., 2020; Turner & Robling, 2003) (for example, Osteogenic Index [ref] and a metric of loading
dose defined by Troy et. Al [ref my JBMR paper 2020]). Our initial dose included a linear combination of
the number of steps that each individual took in the exoskeleton, the peak loading rates, and measures of
bone strength at each region of the tibia and femur, or for just the tibial or femoral metaphysis in the case
of buckling ratio (Equation 5).

Loading dose = (total steps*loading rate)/bone strength measure 5)

For the individuals who did not have pressure sensing insole data, we averaged the normalized peak loading
rate from those who did have Orpyx data, and multiplied the normalized loading rate by the individual
participant weights. We calculated several candidate measures of loading dose using the different bone
strength measures. From these measures, we calculated correlations between the candidate measures of
loading dose and the primary outcome measure, change in iBMC within the relevant anatomy. Both Pearson
and Spearman’s (rank-ordered) correlations were calculated, to account for the small sample size. Femur-
based strength measures were used for dose comparisons with femur bone, and tibia-based strength
measures were compared with tibia changes. All statistical calculations were completed using SPSS v. 23

(1IBM, Armonk, NY).
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Results

In this study, we analyzed data from six left, and nine right tibias and femurs from nine participants.

All correlations were higher in the femur than in the tibia. The highest Pearson correlation coefficient was

between the changes in total iBMC in the femur and the bone loading dose calculation using the femoral

epiphyseal BSI (Table 7). The highest Spearman’s rho correlation coefficient was between the total iBMC

changes in the femur and the loading dose calculation using the femoral metaphyseal BSI. In the tibia, the

Pearson correlations between the loading doses and the changes in iBMC were all negative and

insignificant. The loading dose calculation using the tibial diaphyseal CSI had the highest Spearman’s rho

correlation coefficient, but it was still insignificant. Additionally, the relationships between the loading dose

calculations of the same bone were linearly related aside from the tibial and femoral epiphyseal CSI.

Table 6: Participant-specific loading dose calculations

Tibial bone
strength metrics

Tibial loading dose

Side Peak Peak
a-= . . Loading epiCsSl metBR epiCsl
Sub  left, 2 Weight Total Loadin Rate metBR  (g"2/c (steps*N/kg/  (steps*N/kg/s/(g"2
_ (kg) Steps g Rate N I v lemAa
= (N/s) ormalize mn4) S) cm”4))
right) d (N/kg/s)
1 0.14 0.39 684.87 247.37
1001 91.85 168897  5661.32 61.64
2 0.13 0.37 726.18 255.93
1 0.14 0.51 119.80 32.48
1010 105.78 104734  1596.79 15.10
2 0.16 0.37 106.33 45.56
1 0.22 0.16 334.24 462.62
1011 82.78 145354  5093.03 61.64
2 0.17 0.19 432.37 397.54
1013 2 53.44 158047  7973.13 149.21 0.15 0.08 856.26 1655.55
1018 2 79.00 159326  1820.00 23.04 0.10 0.09 280.41 307.09
1019 2 73.94 111901  4557.21 61.64 0.12 0.20 428.44 259.91
1 0.14 0.13 690.36 747.70
1023 67.87 133840  7368.33 108.56
2 0.14 0.13 727.24 735.28
1 0.13 0.07 557.17 940.54
1028 70.82 161163  4365.35 61.64
2 0.13 0.07 537.74 1063.30
1040 1 82.17 102090  3065.45 37.31 0.13 0.21 239.43 150.90
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2 0.11 0.17 285.92 180.50

1 0.15 0.46 386.14 130.28
1041 84.90 154620  3845.26 45.29

2 0.16 0.42 376.79 139.93

1 0.11 0.09 1183.46 1377.20
1059 66.33 172397  7275.00 109.68

2 0.11 0.10 1118.45 1282.13

1 0.13 0.06 686.48 1633.83
1064 80.36 186282  4953.00 61.64

2 0.13 0.07 716.22 1297.44

1 0.18 0.47 320.53 123.31
1070 87.62 175026 3318 37.87

2 0.18 0.50 321.88 117.23

*loading dose measures divided by 107

Table 7: Femoral iBMC change and loading dose correlations

Bone strength measure in
loading dose calculation

Pearson

Correlation with
respect to iBMC
change in femur

Spearman’s rho
Correlation with
respect to iBMC
change in femur

Femoral metaphysis buckling ratio
Femoral epiphyseal CSI
Femoral metaphyseal CSI
Femoral diaphyseal CSI
Femoral epiphyseal BSI
Femoral metaphyseal BSI

Femoral diaphyseal BSI

0.265

0.362

0.291

0.296

*0.457

*0.409

*0.437

0.263

0.272

0.319

0.259

0.327

0.345

0.301

*indicates significant at a = 0.05

Table 8: Tibial iBMC change and loading dose correlations

Bone strength measure in
loading dose calculation

Pearson Correlation

with respect to

iBMC change in

Spearman’s rho
Correlation with
respect to iBMC

tibia change in tibia
Tibial metaphysis buckling ratio -0.143 0.019
Tibial epiphyseal CSI -0.076 -0.074
Tibial metaphyseal CSI -0.140 0.041
Tibial diaphyseal CSI -0.102 0.116
Tibial epiphyseal BSI -0.084 0.046
Tibial metaphyseal BSI -0.066 0.078
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Loading Dose ((steps*N/s)/g"2/cm”4)

Tibial diaphyseal BSI -0.048 0.067
*indicates significant at a = 0.05
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Femoral iBMC change (g)

Femoral epiphyseal bending strength Femoral metaphyseal bending
index loading dose strength index loading dose
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Figure 8: Femoral iBMC change versus loading dose calculations (orange indicates significant
Pearson’s correlation coefficients at the a. = 0.05 level)
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Tibial metaphyseal buckling ratio
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Loading Dose ((steps*N/s)/cm”3

loading dose strength index loading dose
5 5
5 4 [ ) 5 4 @
S 3 S 3
5 . 5 °
5 2 5 2
8 [ X J O °® ()
=1 o ® =1 o °
o e ) m ® LA
s 0 .. (] 4 s 0 ... .. o
2 0e 1E+1Qy 2E+10 2 0 1E+10 2E+10
-1 ° F1] ee
) )
2 -
Loading Dose (steps*N/s) Loading Dose ((steps*N/s)/(g"2/cm”™4)
Tibial metaphyseal compressive Tibial diaphyseal compressive
strength index loading dose strength index loading dose
5 5
5 4 ® © 4 L
S 3 S 3
5 . = °
5 2 5 2
(@) [ J L ®) [} [ J
- - s :
= = °
70 ° e ! 30 8 % eq%
2 0e 2E+09 4E+Q9 6E+09 5 o & 500000000 1E+09 ol.5E+09
F-1] e® = - (14
) )
) Loading Dose ((steps*N/s)/(g"2/cm”™4) ) Loading Dose ((steps*N/s)/(g"2/cm”™4)
Tibial epiphyseal bending strength Tibial metaphyseal bending strength
index loading dose index loading dose
5 5
5 4 [ 4 © 4 ®
S 3 s 3
5 . 5 °
5 2 5 2
(@) [ J ® ®) (] [ J
% 1 ° ) % 1 )
= ® [ = [ )
50 e % & 50 o Y e
2 0e 1E+09 2E409 3E+09 S 0@ 500000000 1E+09 5E+09
F-1  ee ¥ F-1] e® ¢
) )
-2 -2

Loading Dose ((steps*N/s)/cm”3

57|Page



Tibial diaphyseal bending strength
index loading dose

5
st
S 3
g o
g 2
8) ° ®
2 :
D o
g
5 o0& 500000000 1E+0g ~ 1.5E+09
F.1 ee
o
2

Loading Dose ((steps*N/s)/cm”3

Figure 9: Tibial iBMC change versus loading dose calculations (orange indicates significant Pearson’s
correlation coefficients at the a. = 0.05 level)

Discussion

Mechanical loading of the lower limbs in individuals with SCI has the potential to improve bone
quality. The purpose of this study was to assess how the changes in bone quality were related to the total
amount of loading on the bone following exoskeleton walking therapy. We used QCT analysis and data
recording from the exoskeleton and pressure sensing insoles to calculate the change in total iBMC of the
tibia and the femur and participant specific loading dose measures. Overall, measures of loading dose had
a higher positive correlation to the change in the iBMC in the femur than the tibia. The only correlations
that were significant were the Pearson’s correlations in the femur with loading doses using the BSI of
different femoral regions (p<0.05). The highest correlation was observed between iBMC changes and
loading dose calculations using the femoral epiphyseal BSI. This suggests a positive relationship between
the changes in the iBMC and the loading associated with exoskeleton therapy.

Several studies have demonstrated the ability of physical therapy techniques, such as FES rowing and
cycling to induce changes in bone in those with SCI. Very few studies exist that assess how exoskeleton
walking therapy can impact bone quality in the lower extremities for individuals with SCI, and none have
included a method for analyzing dose-dependent responses (Morse et al., 2019). Calculations, like the

osteogenic index, BLHQ, and BPAQ can provide some indication of how a bone may respond to mechanical
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loading, but very little human data is available. Dose-dependent responses in humans have, however, been
calculated in FES rowing studies. Morse et al. following an FES rowing clinical trial observed a dose-
dependent increase in the cortical thickness index and BR after rowing (Lambach et al., 2020). Lambach et
al. conducted a prospective study on FES rowing and noted a similar bone stimulus dependent response
with the change in trabecular BMD of the femur (Lambach et al., 2020). The bone stimulus used a
combination of the number of loading cycles for each individual, and participant-specific peak foot force
and initial BMC. This bone stimulus calculation is similar to what we proposed in this study as the
participant-specific bone loading dose, using the total number of cycles, a force metric, and a measure of
bone quality or strength. These studies are helpful for beginning to understand the relationship between
loading dose and bone adaptation, but no prospective study prior to this has been done to assess that same
relationship using exoskeleton walking therapy.

Although the correlations observed suggest a relationship between changes in iBMC and loading dose,
there were several limitations to this study. There was a relatively small number of individuals with
complete data during this time. Being an ongoing clinical trial, more data can be added to the calculations
following this procedure in the future. Additionally, not all individuals in this trial had pressure sensing
insole data collected, so the average of available loading rates were used in its place. We suggest that
pressure sensing insole data be added to the data collected during the remaining participants in the clinical
trial to collect more pressure sensing insole data for loading dose calculations.

To summarize, this study highlighted the potential for a relationship between changes in the bone and
measures of loading dose during exoskeleton therapy. The positive correlations using the bone strength
metrics of the femur suggest that bone responds to exoskeleton walking therapy in a dose-dependent
manner. The results of this study can inform decisions regarding how much walking therapy is needed to

induce changes in bone physiology.
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Chapter 6: Discussion

The therapeutic benefits associated with exoskeleton walking therapy for individuals with SCI are
not completely understood. Few studies have assessed the changes in bone physiology as a result of using
this type of therapy. In this thesis, we established that there is a significant increase in the iBMC of the
femoral and tibial epiphyses and throughout the total femur following walking therapy. The iBMC was
selected as a measure of improved bone remodeling because it provides a wholistic understanding of the
total amount of bone within a given region of interest. When an SCI occurs and loading of the lower limbs
is halted, the bone is shifted in the direction of more resorption, causing severe bone loss. The positive
change in the iBMC could help understand whether or not exoskeleton walking therapy sufficiently loads
the lower limbs to induce physiological changes in the bone.

Although exoskeleton walking therapy has been used with individuals with SCI, the kinematics
and kinetics between different types of exoskeletons has not been thoroughly characterized and compared.
This research calculated the kinematics, Kinetics, and temporal parameters associated with several
individuals during exoskeleton walking therapy. Although the kinematics and Kinetics associated with the
two exoskeletons were different, the only significant changes were in the temporal parameters and the
kinematics. The kinetics using the EKSO exoskeleton were smaller than that seen in the Indego, but the
differences between the two were not significant, indicating that there should be no significant loading in
the lower limbs between the exoskeletons. Although the forces were smaller than those seen in able-bodied
walking, other studies have shown an osteogenic response to loading to forces of a similar magnitude.

Characterizing the kinetics and kinematics associated with exoskeleton walking therapy can help
us understand whether or not bones are being loaded enough for an osteogenic response, but there are
currently no calculations to predict the degree of response in SCI-osteoporotic bone. We used participant-
specific metrics and measurements to create several candidate loading dose measures. When the changes
in the iBMC of the tibia and femur were compared to the loading dose calculations, there were moderate

positive correlations with measures of loading dose using femur BSI at different bone regions. All
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correlations were higher in the femur than in the tibia. The loading dose calculation with the highest
correlation used the tibial diaphyseal BSI as the bone strength metric. In the femur, the loading dose using
the epiphyseal BSI had the highest correlation.

There were several limitations with this research, namely the small sample size. As aforementioned,
this clinical trial is ongoing, and data are continuing to be collected from participants. This data can then
be implemented into the methods presented here to add to increase the statistical power associated with the
comparisons made in the studies. It is also important to note that the majority of the participants in this
study are male; however, this is representative of the SCI population as a whole as the most individuals
with SCI are male.

Overall, the goal of this thesis was to determine the degree to which exoskeleton walking therapy
increased iBMC of the distal femur and proximal tibia in a dose-dependent manner. Because walking
therapy can vary in duration, speed, force, and reliance on walking aids, participant-specific measures were
essential to compare the changes seen in the iBMC. The loading dose measures we developed are a first
attempt to calculate a cumulative amount of loading and normalized the loading with respect to patient
specific metrics of bone strength from QCT analysis. However, there are other plausible formulations for
this metric that should be explored. These loading dose calculations can help us understand to what degree
the changes in bone mass in the femur and tibia are related to exoskeleton walking therapy, or other causes.
The moderate positive correlation between bone changes and the loading dose calculations using measures
of femur strength support the overall hypothesis that exoskeleton walking therapy can improve iBMC of
regions of the distal femur and proximal tibia in a dose-dependent manner. Although we cannot directly
conclude that the use of the exoskeleton is the direct cause of the increase in bone mass, this thesis can help

inform decisions regarding the use of exoskeleton walking therapy.

Conclusion and Future Directions
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In this thesis, we investigated exoskeleton walking therapy’s ability to induce an osteogenic
response in the femur and tibia in those with SCI. After walking therapy, participants experienced
significant increases in iBMC in the epiphyseal region of the femur and tibia and in the total femur. Despite
using two different exoskeletons during walking therapy, there were no significant differences in the forces
in the lower extremities, indicating that exoskeleton type should not affect the overall goal of loading the
lower limbs. When the changes in the iBMC are compared to the total amount of walking done by each
individual, and participant-specific loading rate and bone strength, there is a positive correlation between
the two measures. This research is an important step in understanding how and why exoskeleton therapy
could be beneficial in SCI populations.

Further research should continue to look at changes between iBMC of the tibia and femur using the
data that are still being collected from the clinical trial. Changes in iBMC as well as different bone strength
metrics with additional data points can be added to the paired t-test from Chapter 3 to improve statistical
power and determine if there could be any relationship between exoskeleton walking therapy and changes
in bone strength. Measures of loading dose using force intensity metrics, other than peak loading rate,
should be calculated and compared to iBMC changes. Additionally, further comparisons of different
characteristics of individuals who did gain bone to those who did not gain bone mass can be made, including
type of mobility aid used during therapy. To avoid averaging kinetic data, pressure sensing insole data
should be collected during walking therapy for each individual in order to continue calculating participant-
specific loading dose measures. Different loading metrics, aside from peak loading rate from the pressure
sensing insoles should be investigated in addition to calculating the current loading dose measures as new
participant data are collected. This could provide more insight into how different kinetics associated with
exoskeleton walking therapy are related to changes in bone mass. In summary, this research provided

important information regarding how weakened bone could adapt to mechanical loading.
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