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overground walking in individuals with a chronic spinal cord
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CONTEXT
In individuals with chronic complete spinal cord injury, reduced
lower-limb weight-bearing due to long-term manual wheelchair
use, as well as neurological and vascular dysfunctions below the
level of injury, contribute to the loss of bone mineral density [1].
Unfortunately, low bone mineral density is associated to reduced
bone strength and increased risk of lower-limb fragility fracture in
this population [1]. Wearable robotic exoskeletons are an
emerging and rapidly progressing technology that has, among
other things, the potential to significantly increase lower-limb
weight-bearing (i.e., mechanical loading) in this population.
Mechanical loading is an important factor influencing bone
strength through the “mechanostat” principal [1]. Briefly, the
forces exerted on bone tissue during mechanical loading trigger
an anabolic state during which the osteocyte-lead bone formation
surpasses the osteoclast-lead bone resorption—thus, strengthen-
ing bone [1]. Hence, research in overground exoskeleton-assisted
walking programs has increased substantially recently as such
interventions could potentially increase bone strength and,
theoretically, reduce the risk of fragility fractures (and associated
complications). However, reported cases of lower-limb fragility
fracture during exoskeleton-assisted walking raise safety concerns
for both rehabilitation clinicians and researchers [2–4].
To ensure that research on this novel technology can be

conducted ethically and safely, there is a need to strike an optimal
balance so that the potential benefits of exoskeleton-assisted
walking programs outweigh their potential risks. To our knowl-
edge, aside from a recent history of lower-limb fragility fracture
and a demonstrated capability to tolerate static standing posture,
there are currently no universally accepted criteria or manufac-
turer recommendations on how to safely engage individuals with
low bone mineral density in exoskeleton-assisted walking
programs [5]. Hence, rehabilitation researchers must rely on a
trial-error process supported by their competencies, experience,
and intuition to establish and progress walking program
parameters, especially in terms of total walking time, number of
steps, or distance traveled. Yet, very few studies involving

exoskeleton-assisted walking have used cut-off values for bone
mineral density threshold (i.e., hip or spine T-score <−2.0; total
hip or femoral neck T-score <−3.5) to mitigate fragility fracture
risk [6, 7]. Thus, this Perspective introduces a recently developed
algorithm, based on bone mineral density, targeting the mitiga-
tion of fragility fracture risk in individuals with chronic spinal cord
injury engaging in an overground exoskeleton-assisted walking
program [8]. Ultimately, this paper aims to open a discussion and
engage the clinical and scientific communities into the co-creation
of a decisional algorithm, based on a consensus-building process,
to assure patient safety as this novel technology continues to be
studied and implemented.

DEVELOPMENT OF AN EARLY-STAGE ALGORITHM
The development of this early-stage algorithm was first informed
by an overview of the literature conducted by AB and DHG [8].
This overview focused on lower-limb fracture risk in individuals
with a spinal cord injury, as well as aerobic exercise recommenda-
tions, particularly walking, among individuals with neuromuscu-
loskeletal impairments and functional disabilities. Thereafter,
following the consultation of a preliminary version developed by
AB and DHG, recommendations were formulated by experts in
internal and physical medicine (SNM), rehabilitation (AB, DHG, MV,
and ME), and adapted physical activity (MAL).
This early-stage algorithm aligns with the World Health

Organization’s bone mineral density criteria for osteoporosis and
is summarized in Fig. 1 [9]. Total hip bone mineral density,
measured by dual-energy X-ray absorptiometry, is used to classify
individuals in one of three profiles: osteoporotic profile (T-score ≤
−2.5), osteopenic profile (−2.5 < T-score <−1.0), or preserved
bone mineral density profile (T-score ≥−1.0). To mitigate lower-
limb fragility fracture risk and other secondary walking-related
musculoskeletal impairments: individuals classified in the osteo-
porotic profile are assigned to a slow-progression exoskeleton-
assisted walking program that begins with a session maximum of
300 steps during the first week and increases by up to 10% weekly
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thereafter; individuals classified in the osteopenic profile are
assigned to a moderate-progression program that begins with a
session maximum of 400 steps during the first week and increases
by up to 15% weekly thereafter; and individuals classified in the
preserved bone mineral density profile are assigned to a fast-
progression program that begins with a session maximum of
500 steps during the first week and increases by up to 20% weekly
thereafter.
For all training volumes, the frequency of the (up to) 1 h training

sessions increases from 1 to 3 times per week over an initial period
of 16 weeks, fragmented into distinct phases. During the
familiarization phase (weeks 1 to 4), 1 training session per week
is recommended so that rehabilitation professionals can optimize
exoskeleton adjustments and so that participants can safely learn
the exoskeleton’s functioning as well as proper walking technique.
During the initial training phase (weeks 5 to 8), 2 training sessions
per week are recommended and align with spinal cord injury
exercise guidelines to improve cardiorespiratory fitness [10].
During the progression phase (weeks 9 to 12), oscillation between
2 and 3 training sessions per week are recommended to transition
towards an increased participant tolerance and adaptation to
higher training frequency (i.e., 3 training sessions/week). Finally,
during the optimal training phase (weeks 13 to 16), 3 training
sessions per week are recommended and align with spinal cord
injury guidelines for optimal cardiometabolic health benefits [10].
This progression strategy, based on gradual monthly increases in
“frequency” and “duration” (i.e., number of steps taken per session),
is designed to limit peaks in training volume. Indeed, reported
fractures during exoskeleton walking programs have been
reported to occur during the first several training sessions (i.e.,
within the first five sessions) [2–4]. It is hypothesized that large

increases in step number may surpass the tissues capability to
adapt and increase fracture risk (further discussed hereunder) [2].
This progression strategy also aligns with the American College of
Sports Medicine’s recommendations for aerobic exercise [11].
This early-stage algorithm has been integrated into an active

study to which participants provided free and informed consent
[8]. Clinical characteristics of a heterogenous sample of 6
participants (male/female= 3/3) and their training data are
presented in Fig. 2. From a clinical standpoint, all three training
progression strategies prove to be feasible, particularly for
participants with paraplegia, as most participants trained within
their weekly targeted goals. Participant 2 plateaued at week 9 due
to his body weight, as it excessively drained the exoskeleton
batteries (Ekso GT, Ekso Bionics, Richmond, California, USA) and
shortened his training sessions to about 30–35min. However, for
participant 3, physical fatigue predominantly inhibited her from
reaching her weekly step targets during the optimal training
phase. Importantly, no case of fracture has occurred thus far [8].

PROPELLING THE ALGORITHM TO THE NEXT STAGE
It is crucial to recognize that the current lack of empirical evidence
impedes the development of an evidence-based algorithm for
fracture-risk assessment and mitigation during exoskeleton-
assisted walking programs. Hence, the World Health Organization’s
criteria for osteoporosis was used as a readily available way of
characterizing bone strength and assigning individuals to one of
the three modulated training progression strategies. However, this
early-stage algorithm has limitations, some of which are discussed
hereunder, that warrant further reflection and discussion among
rehabilitation experts in an effort to refine it. As such, adoption and

Fig. 1 Early-stage exoskeleton-assisted walking program clinical support algorithm. Early-stage algorithm aligned with the World Health
Organization’s bone mineral density criteria for osteoporosis. Total hip bone mineral density is used to classify individuals in one of three
profiles: osteoporotic profile (T-score ≤ −2.5), osteopenic profile (−2.5 < T-score < −1.0), or preserved bone mineral density profile (T-score ≥
−1.0). Individuals classified in the osteoporotic profile are assigned to a slow-progression exoskeleton-assisted walking program that begins
with a session maximum of 300 steps during the first week and increases by up to 10% weekly thereafter. Individuals classified in the
osteopenic profile are assigned to a moderate-progression program that begins with a session maximum of 400 steps during the first week
and increases by up to 15% weekly thereafter. Individuals classified in the preserved bone mineral density profile are assigned to a fast-
progression program that begins with a session maximum of 500 steps during the first. The number of training sessions per week also
increases during the 16-week period included in the algorithm.
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implementation of the proposed algorithm in clinical practice and
research protocols remains premature at the present time.
Additional scientific evidence gathered via robust qualitative or
quantitative research protocols continues to be needed before
doing so.

Is hip bone mineral density the best indicator of bone
strength in this population?
Hip bone mineral density criteria were developed in the context of
postmenopausal osteoporosis, which is associated with higher
risks of hip fracture [9]. However, osteoporosis in individuals with

Fig. 2 Projected versus actual step count data for the three distinct training progressions for participants (n= 6) enrolled into the
walking program. A Projected step count (green) based on session maximums and participant data for the fast-progression program. Notice
that a plateau in the number of steps/week is expected as of week 13. B Projected step count (blue) based on session maximums and
participant data for moderate-progression program. Notice that a plateau in the number of steps/week is expected as of week 14. C Projected
step count (pink) based on session maximums and participant data for slow-progression program. Notice that no plateau in the number of
steps/week is expected during the 16-week period. AIS = American Spinal Injury Association (ASIA) Impairment Scale, BMI = Body Mass Index.
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spinal cord injury evolves differently, as bone loss in the lower
limbs is greater distally (i.e., around the knee and ankle joints) and
fragility fractures occur more often at the distal femur and
proximal tibia, not at the hip [1]. Thus, combining bone mineral
density at the hip to measurement obtained at other bone sites
(e.g., distal femur, proximal tibia) has been recommended [5, 12].
Although fracture thresholds for bone mineral density in the knee
region in men with chronic (i.e., ≥18 months) spinal cord injury
have been reported previously (≤0.78 g/cm2 measured with dual-
energy X-ray absorptiometry), their use as a contra-indication to
weight-bearing exercise is not currently recommended [5, 13].
Moreover, emerging modalities, such as peripheral quantitative
computed tomography and quantitative ultrasound may also
prove to be valuable in the evaluation and categorization of
fracture risk in this population [5, 12]. However, recommending
such alternate measurement tools may not be justified at the
present time due to a lack of evidence [5].

Should other fracture-risk characteristics be integrated in this
algorithm?
Solely assessing bone mineral density as a criterion for bone
strength has been criticized as it fails to adequately identify people
who previously sustain fragility fractures [9]. Thus, assessing
additional risk factors may be crucial while refining this early-
stage algorithm. Fracture-risk assessment algorithms incorporating
additional risk factors have been implemented before. Probably
the most widely recognized implementation of this is the Word
Health Organization’s Fracture Risk Assessment Tool (FRAX) [9].
This web-based tool considers age, sex, body mass index, personal
and familial history of fragility fracture, smoking, glucocorticoid
use, rheumatoid arthritis, secondary health conditions associated
to osteoporosis, alcohol intake as well as femoral neck bone
mineral density (optional). However, the need to develop a specific
tool for spinal cord injury has been acknowledged since additional
characteristics in this population are known to influence fracture
risk (e.g., spinal cord injury duration, level and severity) [5, 12, 14].
To this effect, a tool to assess fracture risk based on commonly
reported population-specific criteria has been previously proposed
[12]. Using a 9-item checklist, authors suggest that the presence of
three or more risk factors represents a moderate risk of fracture,
while the presence of 5 or more risk factors represents a high risk
of fracture. Unfortunately, to our knowledge, this tool has not been
validated in the literature and it is currently unknown whether the
proposed criteria correlate adequately with moderate and high risk
of fracture, respectively. Nonetheless, this remains of high interest
and may warrant further exploration through a broader scientific
and clinical co-creation process.
Criteria for the diagnosis of sublesional osteoporosis in

individuals with spinal cord injury that includes several
population-specific risk factors, as well as unique bone mineral
density criteria, have been proposed [12]. In males over the age of
60 and postmenopausal females, sublesional osteoporosis diag-
nosis is based on hip or knee region T-score ≤−2.5 [12]. In males
under 59 years and premenopausal females, sublesional osteo-
porosis diagnosis is based on hip or knee Z-score <−2.0
combined with the presence of at least 3 risk factors (age <16
years at injury, alcohol intake >5 servings/day, body mass index
<19, spinal cord injury duration ≥10 years, female sex, motor
complete lesion, paraplegia, family history of fragility fracture) [12].
Finally, for males or females of 16 years and older, a history of
fragility fracture is considered sufficient to diagnose sublesional
osteoporosis, regardless of age and menopausal status [12]. These
diagnostic criteria could also be of interest to improve the early-
stage algorithm presented in the current paper. For example,
individuals who meet the proposed criteria for sublesional
osteoporosis could be assigned to the slow-progression training
program. Whereas individuals who have several risk factors (e.g.,
>2–3), but do not meet all criteria proposed for sublesional

osteoporosis, could be assigned to the moderate-progression
training program. Finally, individuals who have very few risk
factors (e.g., ≤2–3) could be assigned to the fast-progression
program. Again, further exploration through a broader scientific
and clinical co-creation process is warranted.
Lastly, other factors may also warrant consideration when

refining this early-stage algorithm. Notably, exoskeleton-specific
attributes may have potential effects on lower-limb fracture risk
and have been recently discussed elsewhere [2]. Likewise, whether
or not an individual has successfully completed a locomotor
training program, particularly an exoskeleton-assisted walking
program, may also warrant consideration.

How should training volume progress?
This is another difficult question to answer. If volume progresses
too slowly, the benefits of the walking program may be
unnecessarily delayed, reduced, or absent. However, if volume
progresses too quickly, the risk of fractures and other related
secondary musculoskeletal impairments may be increased [2].
Hence, striking a balance becomes crucial to conciliate two
imperatives: optimizing the potential intervention effects (e.g.,
beneficial bone adaptations) and preventing secondary muscu-
loskeletal impairments (e.g., fragility fractures) during exoskeleton-
assisted walking programs. While continuing to develop clinical
experience, education, and skills (i.e., clinical expertise), strength-
ening current empirical evidence and documenting clients’
perspectives remain of central importance to optimize the
proposed preliminary algorithm. In fact, integrating clinical
expertise, best research evidence and clients’ perspectives are
fundamental for evidenced-based practice when aiming to
establish the most beneficial and safest starting point in terms
of training volume and progression strategy during exoskeleton-
assisted walking programs.
In individuals with chronic spinal cord injury, bone loss appears

to be mainly due to continued inhibition of osteocyte-lead bone
formation [15]. Osteocytes are sensitive to bone loading and
respond by increased bone mineralization in areas of high load,
thus changing bone architecture and increasing bone resistance
(i.e., strength) against the initial stimulus [1]. As such, osteocytes
may have a substantial effect on bone strength and fracture risk
with relatively limited increases in total bone mineral density [1].
However, this process is slow, with measurable changes in bone
strength only expected after a few months of training [1, 16].
Hence, if training progress too quickly, the load on the bone may
surpass its adaptability and fracture may occur. Thus, volume
progression must be adequately dosed to ensure that cumulative
increases can be maintained over a medium-to-long-term period.
Training volume is defined here as the number of steps taken

per week which are also subdivided by session. The algorithm
proposes an approach for progressing volume over four distinct
phases (familiarization, initial training, progression, optimal train-
ing). As illustrated in Fig. 2, volume does not increase linearly
throughout the entire 16-week program. Firstly, there are steep
increases in volume when transitioning between the familiariza-
tion, initial training and progression phases (i.e., between weeks 4
and 5, 8 and 9). This is mainly due to the additional training day
per week that is added during these transitions. These steep
increases in volume were anticipated and accepted to maintain
participant motivation/satisfaction. Indeed, decreasing the num-
ber of steps per session during these transition periods to
maintain a perfectly linear increase in volume could be discoura-
ging for participants (may be interpreted as a regression in
performance or ability). Secondly, training volume follows a
“sawtooth” scheme during the progression phase (weeks 9 to 12)
which is mainly due to the variation between 2 and 3 training
sessions per week. This volume design was chosen to alleviate
peaks in volume when transitioning from 2 to 3 sessions per week.
This also helps ensure participant tolerance to three sessions per
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week. Finally, a plateau is noted for the moderate and fast-
progression programs during the optimal training phase (weeks
13 to 16). This is predominantly due to the time/scheduling
constraint imposed by the 1 h training session. Based on data
gathered thus far, participants can optimally take about up to
2500 steps during 1 h sessions with the exoskeleton parameters
providing maximal walking speed (i.e., on our exoskeleton this
equates to ProStep/ProStep+ mode with swing time reduced to
its minimum). This plateau was accepted as indefinite increase is
not realistic nor necessarily desirable in the present context of use.

FINAL REMARKS
The presented early-stage algorithm calls for rehabilitation
clinicians and scientists to engage in its refinement and serves
to furhter increase awareness of lower-limb fracture risk during
exoskeleton-assisted walking programs. Limited empirical evi-
dence remains a major obstacle in developing an evidence-based
algorithm and, even more so, adopting or implementing such an
algorithm in clinical practice or research protocols. To this effect, it
is essential that researchers serve as leaders in ensuring the safety
of their participants based on scientific evidence, particularly
given the rapid progress of robotic exoskeleton technologies and
the challenges associated to their use in clinical practice.
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