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Abstract

Objective: To determine the cardiometabolic demands associated with exoskeletal-assisted walking (EAW) in persons with paraplegia. This study

will further examine if training in the device for 60 sessions modifies cost of transport (CT).

Design: Prospective cohort study. Measurements over the course of a 60-session training program, approximately 20 sessions apart.

Setting: James J. Peters Bronx Veterans Affairs Medical Center, Center for the Medical Consequences of Spinal Cord Injury Research Center.

Participants: The participants’ demographics (NZ5) were 37-61 years old, body mass index (calculated as weight in kilograms divided by height

in meters squared) of 22.7-28.6, level of injury from T1-T11, and 2-14 years since injury.

Interventions: Powered EAW.

Main Outcome Measures: Oxygen consumption per unit time ( _VO2, mL/min/kg), velocity (m/min), cost of transport ( _VO2/velocity), and rating of

perceived exertion (RPE).

Results: With training: EAW velocity significantly improved (Pre: 51�51m; 0.14�0.14m/s vs Post: 99�42m; 0.28�0.12m/s, PZ.023), RPE

significantly decreased (Pre: 13�6 vs Post: 7�4, PZ.001), _VO2 significantly improved (Pre: 9.76�1.23 mL/kg/m vs Post: 12.73�2.30 mL/

kg/m, PZ.04), and CT was reduced from the early to the later stages of training (3.66�5.2 vs 0.87�0.85 mL/kg/m).

Conclusions: The current study suggests that EAW training improves oxygen uptake efficiency and walking velocities, with a lower perception of

exertion.
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There are approximately 17,730 new cases of spinal cord injury
(SCI) that occur each year in the United States, with 48 new cases
daily.1 It is estimated that 1 in every 1000 Americans in the United
States lives with an SCI-related disability.1 Since 2015, vehicle
collisions and falls are the most common causes of SCI, encom-
passing 71.1% of the total reported incidences (39.3% and 31.8%,
respectively).1 Other reported sources of SCI include acts of
violence, sports injuries, and surgical procedures.1 Most persons
living with SCI are wheelchair dependent for mobility, resulting in
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extreme losses of upright and weight-bearing activity.2,3 This
imposed sedentary lifestyle increases the risk for secondary
medical consequences such as obesity4,5 and cardiovascular dis-
ease6,7d2 conditions that are potentially modifiable with activity.8

Even though there is reduced cardiovascular fitness, endurance,
and strength for those with SCI, training guidelines and recom-
mendations are relatively similar to that of the able-bodied pop-
ulation.9,10 According to the World Health Organization, in the
able-bodied adult population, it is recommended to partake in 150
minutes of moderate-intensity physical activity throughout the
week or 75 minutes of vigorous-intensity activity.11 The World
Health Organization also recommends, for additional health ben-
efits, adults increase their moderate-intensity aerobic physical
e American Congress of Rehabilitation Medicine
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186 S. Knezevic et al
activity to 300 minutes per week or engage in 150 minutes of
vigorous-intensity aerobic activity per week.11 Although previous
literature similarly recommends that weekly exercise programs
should be added to the lifestyles of those with SCI because of the
decrease in physical activity, the recommendations slightly differ
in duration of activity.10 Specifically, for cardiometabolic health
benefits, adults with a SCI are suggested to participate in at least
30minutes of moderate to vigorous intensity aerobic exercise 3
times per week.10

In terms of mobility, wheelchairs are the most commonly used
device for those with SCI.12 Early technological advancements
that promote upright ambulation are hip guidance orthoses,
reciprocating gait orthoses (RGOs), and advanced RGOs.12-14

Previous research has established that RGO use for standing
does not require much effort; however, once participants begin
ambulating, level of exertion elevates dramatically.15-22 This
observed elevation in exertion during RGO ambulation, because of
its stilt-like walking pattern, has limited the retention of RGO use
and has hindered researcher’s ability to further study RGO
use.17,20,22,23 Recent advancements of ambulatory devices have
led to the introduction of powered exoskeletons, in which in-
vestigators have begun to identify feasibility and treatment options
of these devices.12,24-29 The ReWalk exoskeleton,30,a used in this
investigation, is a powered exoskeleton that provides persons with
SCI the ability for upright ambulation and stair climbing.26,27 The
ReWalk exoskeleton incorporates motorized joints at both the hip
and knees, rechargeable batteries, and a computerized control
system. Users communicate with the device using a mode selector
wristwatch that allows the user to toggle between settings and
initiate specific commands.

Because of its novelty, powered exoskeleton investigations
that have examined the energy costs associated with exoskeleton
use are sparse.12,24,25 These investigations have revealed that
there are increases in cardiorespiratory factors such as heart rate
and volume of oxygen consumption per unit time ( _VO2) during
exoskeletal-assisted walking (EAW).12,24,25 Preliminary research
has observed that after approximately 40 sessions of EAW, there
is a significant difference in heart rate and _VO2 during ambu-
lation compared with sitting and standing values.12 The current
investigation will add to the limited pool of knowledge of
cardiorespiratory and metabolic response after training in a
powered exoskeleton. The purpose of the present study is to
measure the cardiometabolic demands associated with EAW in
persons with paraplegia. This study will further examine if
training in the device for 60 sessions modifies cost of transport
(CT). The term CT was used as an expression of metabolic
List of abbreviations:

ACSM American College of Sports Medicine

ANOVA analysis of variance

CT cost of transport

EAW exoskeletal-assisted walking

LEMS lower-extremity motor score

LOI level of injury

MET metabolic equivalent

RGO reciprocating gait orthosis

RPE rating of perceived exertion

SCI spinal cord injury

6MWT 6-minute walk test

TSI time since injury
_VO2 oxygen consumption per unit time
efficiency while walking. CT was calculated using the
following equation:

CTZ
_VO2ðmL=kg=minÞ
Velocity ðm=minÞ
Methods

The design of the study was a prospective, single-group, open-
label, repeated measures design to determine the effects of EAW
in the ReWalk powered exoskeleton on _VO2 (a surrogate for en-
ergy expenditure) and CT. Both the participant and researcher
understood that _VO2 was being studied while using the ReWalk
powered exoskeleton. _VO2 was examined to provide objective
data to the overall effects of powered EAWon energy expenditure.
The study protocol was reviewed and approved by the Institutional
Review Board of the James J. Peters Veterans Affairs Medical
Center, where all recruitment, training, and data collection took
place. This research was supported by the Veteran Affairs Reha-
bilitation Research and Development Service (grant no. B9212-
CC) and the James J. Peters Veterans Affairs Medical Center.

Subjects

Five male subjects with traumatic SCI who met the following
criteria were selected to be a part of the study: aged 18-65 years,
diagnosis of a SCI, duration of SCI >12 months, height 160-190
cm, weight <100 kg, and ability to give informed consent. The
entire study was explained to each participant, followed by an
opportunity to address as many concerns as needed to ensure
comfort and understanding prior to signing the consent form. A
physiatrist assessed overall health and physical function prior to
providing medical clearance for each subject to participate. Bone
density was measured using dual-energy x-ray absorptiometry.b

Potential subjects whose bone density results revealed either a T
score below �3.5 at the femoral neck or knee bone mineral
density <0.6 g/cm2 were excluded from study participation. Par-
ticipants were also excluded if they were diagnosed as having any
neurologic disorder other than SCI or experienced any injury or
surgery of either of the lower limbs.

Data collection

Data collection consisted of obtaining demographic information,
rating of perceived exertion (RPE), metabolic data, heart rate,
blood pressure, and mobility skills. Demographic data for each
participant included age, height, weight, time since injury (TSI),
and level of injury (LOI) and completeness. Metabolic data con-
sisted of _VO2 and volume of carbon dioxide production, which
were recorded using a portable metabolic cartc that was equipped
with a face mask and chest harness. _VO2 values, reported in
milliliters of oxygen consumed per kilogram of body weight per
minute (mL/kg/min), were continuously collected, breath by
breath, during the 3 separate time points (every 20 sessions; early,
mid, late), approximately 20 sessions apart over the 20 weeks of
training in the device. During each phase of data collection (seated
pre, standing pre, walking, seated recovery), _VO2 values were
averaged over the entire 6 minutes for analysis. Heart rate was also
continuously recorded throughout the testing session via a stan-
dard 12-lead echocardiogram.c Blood pressure was measured
www.archives-pmr.org
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Oxygen uptake during exoskeletal-assisted walking 187
using an automatic blood pressure monitor.b Walking performance
was measured by the 6-minute walk test (6MWT), a measurement
of the total distance traveled during a 6-minute period of time, and
a 10-m walk test, the time in seconds to walk 10 m. All in-
struments were calibrated prior to each trial. Data collection
consisted of at least 3 separate time points (every 20 sessions;
early, mid, late).

Exoskeleton and training

The ReWalk powered exoskeleton was the device used for this
study, as described in previous literature.12,26-29 The initial session
with the participant consisted of proper fitting into the device
based on pelvic width and leg length. On achieving proper fit, the
ensuing sessions consisted of overviewing the basic maneuvers of
operating the device with the participant donning and doffing the
device, performing a sit-to-stand and stand-to-sit maneuver, and
performing standing balance in the unit, step initiation, and
continuous walking. Prior to walking, users demonstrated at least
minimal trainer assistance during the basic maneuvers. Contin-
uous walking with the ReWalk is accomplished by a series of
actions. First, the user must indicate to the device their desire to
walk by selecting the walk function, followed by a forward trunk
tilt. On acknowledgment of this command, through a tilt sensor,
the device then initiates the first step. Subsequent steps require the
same forward trunk tilt and shifting of body weight. If the unit
senses an abnormal force, such as instances that the user fails to
properly shift their body weight, causing the foot to catch the
floor, the device will discontinue walking and return to a standing
position.26

Over the course of training, participants trained in the hallways
of the facility directly outside of the research center. The training
path of the hallway consisted of a straightaway of 135 m and 2
wings at each end that were 30 m in length and 13 m in width. As
the participants reached the end of either straightaway, the path
would turn into the wing, and circle back around the wing, and
continue down the straightaway in the opposite direction. Subjects
would continuously walk this path, as much as tolerated, over the
course of the training session. If needed, subjects were given
breaks to rest. The breaks consisted of either sitting down in a
chair or resting up against the wall. As training progressed, par-
ticipants were encouraged to become as independent as possible in
the shortest time tolerable. Additionally, although not designed to
be used as motivation, the 6MWT were conducted as a mobility
skill, as an additional measure of progression. Similarly, RPE
values were recorded on the completion of every training session
as a method of assessing progression, as well as monitoring for
overtraining. The training protocol consisted of 60 one-hour
walking sessions at 3 sessions per week. All training sessions
were supervised by certified trainers who provided guarding to the
participants, as needed, to prevent falling and provided feedback
and coaching for mastery of the device. Additionally, at all times
during training, 2 loft strand crutches, 1 for each arm, was
equipped as a safety measure to allow the participants to balance
themselves throughout EAW.

Testing protocol

Once subjects were capable of completing the 6MWT with min-
imal to no stops, baseline testing was performed the following
session. During test days, participants reported to the physical
www.archives-pmr.org
activity laboratory and were instructed to don the exoskeletal
device, and with the assistance from the study staff the portable
metabolic vest was placed over the shoulders and chest of the
participant. After the placement of the vest, the mask was then put
over the nose and mouth of the participant. After set up of the
metabolic cart, each participant was given as much time as
necessary wearing the mask, in the sitting, standing, or walking
position, to allow the participants to acclimate themselves to the
mask. Once in the ReWalk and with the portable metabolic cart
properly situated, the participants were instructed to sit quietly in
the seated position for 6 minutes as the data were continuously
collected. On completion of the seated phase, participants simi-
larly stood still in the exoskeleton as data were continuously
collected for 6 minutes. Data collection during the standing con-
dition was not initiated until after the subject was balanced and
standing unassisted. With completion of the standing phase, par-
ticipants were instructed to begin walking. The walking would
begin in the research laboratory and continue into the hallway
course. 6MWT data collection during EAW began once the in-
dividual completed 5 continuous steps in the exoskeleton. Dis-
tance traveled during the 6MWT was recorded using a distance
measuring wheel.d

Over the course of the 6MWT, every 10 m traveled was
recorded with a standard stopwatch using the lap function. The
seated recovery portion of the trial began immediately after the
participant completed the 6MWT. A standard folding chair,
without armrests, was used to sit the moment the test was
completed. Immediately on sitting down, seated recovery _VO2

was recorded for 6 minutes. On completion of all testing condi-
tions, the participants were asked to rate their perceived exertion
during the 6MWT of EAW using Borg’s Scale of Perceived
Exertion.31 In addition to RPE and the total distance, in meters,
traveled during the 6 minutes, the fastest 10-m walk test time, in
seconds, achieved during the 6MWTwas also recorded. During all
data collection, participants were instructed not to speak and limit
the amount of unnecessary movement. In instances when subjects
accidently triggered the exoskeleton to stop walking, data
collection continued as the participant reinitiated the walk mode to
complete the remainder of the phase.
Statistical procedures

Descriptive statistics are reported as the mean � SD for all
continuous outcome variables. All continuous oxygen consump-
tion variables were tested for a normal distribution using the
Shapiro-Wilk test with scatterplots and histograms inspected
visually for outliers. A combination of linear regressions and
repeated measures analysis of variance (ANOVA) were used to
identify relationships and differences between various factors over
the course of EAW training. A repeated-measures ANOVA anal-
ysis was performed between all 3 time points (early, mid, late) to
assess the within-subject effects of testing _VO2 over the course of
training. To control for the type I error rate, a Bonferroni
correction was applied and the level of significance (P<.05)
adjusted for the multiple post hoc comparisons. A linear regres-
sion was subsequently carried out to examine the relationship
between _VO2 and walking velocity, lower-extremity motor score
(LEMS), LOI, and TSI, at both the beginning and end of training
(early, late). SPSS Statistics 23 softwaree was operated to perform
all statistical analyses.
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Table 1 Participant demographic characteristics

Subject Age (y) Height (cm) Weight (kg) LOI TSI (y) LEMS AIS

Total Days to

Complete Training

SCI 1 61 175 76.7 T11 14 4 A* 199

SCI 2 40 183 88.4 T1 2 0 B 296

SCI 3 56 175 83.9 T7 3 0 A 217

SCI 4 50 183 95.7 T9 12 30 A* 201

SCI 5 37 170 65.8 T2 6 0 A 197

Mean � SD 49�10 177�6 82.1�11.5 7�6 222�42.1

Abbreviation: AIS, American Spinal Injury Association Impairment Scale.

* Because of refusal of rectal examination, classified as AIS A.
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Results

Details of each participant’s demographic characteristics are pre-
sented in table 1. Albeit SCI 1 and 3 scored >0 on the LEMS,
because of a refusal of the rectal examination, an American Spinal
Injury Association classification of A was assigned. Minor skin
abrasions, which did not require any missed training sessions,
were the only adverse events reported for the group.

On average, the early data collection session occurred after
15.6�6.3 training sessions. Over the course of training RPE of
EAW significantly decreased (PZ.001) for each participant from
13�6 (somewhat hard) to 7�4 (very, very light), reflecting a
reduction in perception of effort (fig 1). Each participant achieved
at least minimal assistance from the trainer prior to performing the
early data collection. All participants significantly (PZ.022)
improved total distance walked in the exoskeleton during the
6MWTover the course of training, with a 94% average increase in
distance traveled (51�51m vs 99�42m) (fig 2).

As EAW training progressed, average _VO2 significantly
(PZ.04) increased (9.76�1.23mL/kg/m vs 12.73�2.30mL/kg/m)
(table 2). With a repeated-measures ANOVA analysis, the
Mauchly’s test of sphericity indicated that the assumption of
sphericity had not been violated, with c2(2)Z1.56 and PZ.458,
and therefore, the sphericity assumed correction was used. There
was a significant effect of training time on _VO2, with F2,8Z6.35
and P<.022, across all 3 time points (early, mid, late). Post hoc
tests using the Bonferroni correction revealed that _VO2 increased
by an average of 1.17 mL/kg/min after approximately 30 sessions
(PZ.135) and then increased by an additional 1.81 mL/kg/min
between approximately 30 and 60 sessions (PZ.083) (see table 2).
Over the course of the entire training program, 60 sessions, _VO2
Fig 1 RPE values for each particip
significantly increased by an average of 2.85 mL/kg/min (P<.05)
(see tables 2 and 3). Each of the values were reported as an
average over the course of the 6-minute time period. Calculation
of CT revealed an average decrease from 3.66�5.2 mL/kg/m
during the early training sessions to 0.87�0.85 mL/kg/m during
the later stages of training, albeit failing to reach significance
(PZ.24) (fig 3).

Several regression analyses were run to examine the relation-
ship between velocity values vs _VO2, LEMS, LOI, and TSI.
During the early testing time point, there was a strong relationship
between _VO2 and EAW velocity (rZ0.797, PZ.04), which was
no longer significant during the late time point testing (rZ0.024,
PZ.80) (fig 4). When examining the influence of LEMS on
walking velocity values from the 6MWT, there was a significant
relationship at early training (rZ0.901, PZ.01) (fig 5). On
completion of training, the relationship between LEMS and ve-
locity no longer existed (rZ0.436, PZ.23) (see fig 5). Walking
velocity was not related to LOI (fig 6) and TSI (fig 7) at baseline
and post training (LOI: baseline rZ0.208, PZ.44, post rZ0.373,
PZ.274; TSI: baseline rZ0.570, PZ.14, post rZ0.426, PZ.23).
Discussion

The purpose of the present investigation was to observe the car-
diometabolic demands of EAW training, and whether there is a
change in CT after 60 sessions of EAW. The recent advancements
to EAW technology such as powered exoskeletons have attempted
to address the issues associated with RGO use.12,24,25 Current
guidelines established by Ginis et al strongly recommend, to
obtain cardiorespiratory fitness benefits in adults with SCI, one
ant over the course of training.

www.archives-pmr.org
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Fig 2 Distances traveled over the course of training by each participant during the 6MWT.
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should engage in at least 20 minutes of moderate to vigorous in-
tensity aerobic exercise 2 times per week. Conditionally, for car-
diometabolic benefits, Ginis recommend performing at least 30
minutes of moderate to vigorous intensity aerobic exercise 3 times
per week. Current American College of Sports Medicine (ACSM)
guidelines establish vigorous intensity exercises to be 60%-85%
of maximum predicted heart rate.32 On average, heart rate values
during walking fell within the ACSM’s vigorous intensity guide-
lines (% maximum heart rate: early, 73.26�13.42; mid,
68.93�11.94; late, 70.41�7.81; table 4). This preliminary obser-
vation supports the idea that the exoskeletons are a form of ac-
tivity that engages individuals to perform within the physiological
and tolerable limits.33

The results from the present study demonstrate that powered
exoskeletons allow for users to ambulate further distances, for
longer periods of time, all while perceiving less effort during the
walk. From the early to late testing sessions 6MWT distances
traveled significantly increased, while RPE values significantly
decreased. As a group, on average, participants were able to
double the distance traveled during the 6MWT (early: 51.06m,
late: 98.98m). In conjunction with these increases, over the course
of training, there was a significant decrease in perceived exertion
where reported values significantly decreased from 13�6 (some-
what hard) to 7�4 (very, very light), reflecting a reduction in
perception of effort. The present results also add to the literature
by observing, through 60 sessions of training, that oxygen uptake
is positively affected. It was observed early on that _VO2 was
significantly related to velocity. However, at the conclusion of 60
training sessions, the relationship between _VO2 and velocity was
no longer significant, indicating that EAW velocity may increase
without the same magnitude of change in _VO2. Those who walked
Table 2 Walk phase case report values

Subject ID

Testing _VO2 (mL/kg/min) Test

Early Mid Late Early Mi

SCI 1 9.63 10.48 12.51 13 7

SCI 2 8.40 8.83 13.10 17 13

SCI 3 8.97 9.63 9.38 15 12

SCI 4 11.59 12.25 12.78 11 9

SCI 5 10.20 13.45 15.85 11 8

Mean � SD 9.76�1.23 10.93�1.90 12.73�2.30 13.40�2.61 9.8

www.archives-pmr.org
faster may initially have had a better sense of body awareness or
athleticism, which was not measured or considered prior to this
analysis. Therefore, a combination of improved stamina, reduction
in walking errors, and increased skill all support the notion that
users increased their EAW proficiency through training.

Each of the previous discoveries contribute to the CT calcu-
lations, which demonstrate that, as proficiency of ambulation
using the ReWalk powered exoskeleton increases, so does its ef-
fect on _VO2 efficiency. EAW training resulted in an average CT
decrease of 76% from early to late training (3.66�5.2mL/kg/m vs
0.87�0.85mL/kg/m). This decrease, although drastic, did not
reach significance. On average, RPE values toward the end of the
training program were within a level where the participants felt as
if they were working very, very lightly while ambulating. This
participant-reported perception, supported by a decreased CT, is
suggestive that a high energy cost may not be a limiting factor for
continued use of a powered exoskeleton. The finding that 6MWT
significantly increased by 94% over the course of training also
supports the idea that training (ie, walking in the device) leads to
an increased proficiency.

An additional area of interest as a result of this investigation
and future research is beginning to understand the factors involved
in improving user device proficiency. One relationship that pro-
duced supporting evidence was between velocity and participant
demographics such as LEMS, LOI, and TSI. Both LOI and TSI
were not related to velocity at baseline and posttesting time points.
This finding was unexpected because previous reports investi-
gating RGOs have shown LOI to be related.14,34 The relationship
between LEMS and velocity, however, did show a significant
relationship during the early stages of training but was no longer
related after training. This is hypothesized to be caused by one’s
ing RPE 6MWT Distance Traveled (m)

d Late Early Mid Late

6 60.00 82.00 105.00

11 4.00 10.00 30.94

7 30.95 48.58 111.35

6 135.00 129.72 147.34

6 25.33 89.44 100.29

0�2.59 7.20�2.17 51.06�51.01 71.95�45.08 98.98�42.31
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Table 3 _VO2 values across each phase

Subject/Phase

_VO2 Values (mL/kg/min)

Seated Standing Walking Recovery

SCI 1

Early 3.50 4.07 9.63 5.52

Mid 3.52 4.13 10.48 5.77

Late 3.87 5.34 12.51 7.43

SCI 2

Early 3.46 4.54 8.40 4.80

Mid 4.18 5.42 8.83 5.80

Late 4.35 4.60 13.10 6.58

SCI 3

Early 3.67 4.80 8.97 5.52

Mid 3.27 4.16 9.63 5.03

Late 2.87 3.61 9.38 5.02

SCI 4

Early 3.51 5.12 11.59 5.83

Mid 3.77 4.28 12.25 5.72

Late 3.82 4.39 12.78 5.37

SCI 5

Early 3.87 5.85 10.20 6.95

Mid 3.20 6.23 13.45 6.75

Late 4.32 6.00 15.85 6.35
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ability to use the residual function of their lower extremities and
move with the device, which may be advantageous early on in
training. Relative to this device, this relationship may have been
lost over the course of training because of the other subjects
approaching a similar level of skill. Therefore, the present study
suggests, with training, users may be able to use this device at
similar levels regardless of residual lower-extremity function,
contrary to reports using RGO.14,34 On further review of the
LEMS, the results may have been overemphasized by 1 partici-
pant. Only 2 participants retained residual function in their lower
extremities. Participant SCI 4 presented an LEMS of 30, while
participant SCI 1 scored an LEMS of 4. It was important to
observe that the distances traveled during the 6MWT by SCI 4
only increased by 9% over the course of training, while as a group,
the average percentage change in distance traveled over the course
of training of the participants combined was 94%. However,
removing SCI 4 from the data, the remaining 4 participant’s
Fig 3 Walking CT values ov
average percentage change becomes 189%; which represents an
improvement of traveling 3 times the distance in the 6-minute
time period.
Related literature

EAW _VO2

Presently, there are only 3 investigations that have observed _VO2

during EAW, and they are reported in table 5.12,24,25 In the earliest
publication, only peak values for _VO2 and heart rate were reported
on 3 participants after 18 sessions of EAW.24 Kressler et al
determined that even though EAW serves as enough of a stressor
to produce an elevation in heart rate and _VO2, 18 EAW sessions
were insufficient in eliciting a training effect. Although Kressler
trained participants for 1 hour 3 days per week, similarly to the
present protocol, a major difference is that participants only
trained for a total 6 weeks (18 sessions) as opposed to 20 weeks
(60 sessions). This difference in the amount of training sessions
may be a rationale for an increase in _VO2, as observed in the
present study.

On examining the reported _VO2 values, Kressler demonstrated
an average baseline _VO2 of 21.6�15.1 mL/kg/min and an average
18th session _VO2 of 20.8�12.3 mL/kg/min.25 Further inspection
of the data set highlights subject 1’s reported baseline _VO2 of 38.9
mL/kg/min and an 18th session _VO2 of 34.9 mL/kg/min. This
observation possibly explains the conclusion of no increase in
_VO2 because the 2 remaining participants revealed an increase in
average _VO2 after 18 sessions (pre, 12.9 mL/kg/min; post, 13.7
mL/kg/min). Two additional points to highlight when comparing
the investigation of Kressler with the present study are a reported
sample size of 2 less participants and a different exoskeletonf

investigated.
Contrary to the elevated _VO2 values reported by Kressler et al,

Evans et al and Asselin et al report _VO2 values similar to those of
the present study. Exploring the Evans investigation, 5 participants
completed a minimum of 5 training sessions of acclimation prior
to data collection. On completion of the acclimation, each
participant completed two 6MWTs while continuously measuring
_VO2. Both of the data collection trials were conducted on the same
day, separated by a 5-minute seated recovery. In the first 6MWT
trial (Walk 1), participants were instructed to walk at a self-
selected, comfortable speed, while the second trial (Walk 2)
consisted of the participants walking through the trial as quickly
er the course of training.

www.archives-pmr.org
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Fig 4 Relationship among (A) pre- _VO2 vs pre velocity values and (B) post- _VO2 vs post velocity values.
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as possible.25 Interestingly, the first walking trial yielded an
average _VO2 of 9.5�0.8 mL/kg/min, similar to the values
observed in the early testing sessions of the present study
(9.8�1.2mL/kg/min). Albeit the second “forced” walking trial
was performed after a 5-minute seated resting trial after Walk 1,
reported values were 11.5�1.4 mL/kg/min, relatively similar to
the late value of the present study (12.7�2.3mL/kg/min). As
observed by Evans, instructing users to walk fast after at least 5
exoskeleton training sessions produces similar _VO2 values as if
they trained for 60 sessions. The present study did not alter the
training of the participants because both EAW and data collection
consisted of the participants walking at their own self-selected
speed. Without training instructions, the present study observed
an increase in _VO2 values over the course of 60 training sessions.
It would be of interest to determine whether changes in _VO2

would ensue with instructive or coached walking. Similarly, to
Kressler, Evans used a different exoskeleton.g

In the final article, Asselin reported average _VO2 values in 8
participants after an average of 37�13 sessions. Asselin reporting
after an average of 37 sessions would represent the present study
at its mid time point, after approximately 30 sessions of training.
The training protocol of Asselin consisted of participants walking
for 60-90 minutes at 3 sessions per week. Participants of the study
by Asselin et al yielded an average _VO2 of 11.2�1.7 mL/kg/min,
similar to the present article’s midpoint value (10.9�1.9mL/kg/
min). An additional, significant finding of Asselin was the par-
ticipants attained approximately one-half of their estimated
maximum heart rate reserve during walking, which would indicate
a moderate level of intensity.12 In the present article, participants
were able to achieve heart rate values that reached vigorous in-
tensities (73%, 68%, and 70%). Of note, both Asselin’s study and
Fig 5 Relationship among LEMS and (A) pre velocity and
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the present study investigated using the ReWalk exoskeleton.
Overall, as a result of the review of the pertinent literature, it is
evident that there is a trend among _VO2 and EAW.

EAW and intensity
A collection of interpretations from each of the related articles
provides data for supporting evidence that EAW provides a means
of increasing physical activity and potentially reversing the
medical complications imposed by a sedentary lifestyle.9,10 As
previously observed, SCI training guidelines and recommenda-
tions are similar to that of the able-bodied population.9,10 Results
from the literature as well as the present study suggest that EAW
not only increases level of activity in persons with SCI but allows
users to perform at moderate to vigorous intensities. On exam-
ining the present data set, EAW metabolic equivalent (MET)
values range within moderate intensity throughout the experiment,
between approximately 1 and 5 METs.35 According to Haskell
et al, in able-bodied individuals, walking on a flat hard surface at
3.0 mph equates to 3.3 METs. Relating this observation to the
present study, on average, the midpoint EAW values are charac-
terized as approximately that of able-bodied walking at 3.0 mph.35

Further examination of the present data set discovers that the
highest recorded value during EAW was 15.85 mL/kg/min, or
approximately 4.5 METS, just short of an able-bodied individual
walking at a very brisk pace (4mph; 5 METs).35 No other indi-
vidual exceeded 4 METs of EAW over the course of the pre-
sent trial.

When comparing other forms of physical activity with that
EAW walking, the _VO2 values observed in the present study are
most similar to that of arm crank ergometry at 48 and 64 W (11.44
and 14.02mL/kg/min).36 Using the referenced activity _VO2 values
(B) post velocity values in subjects with SCI (table 1).
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Fig 6 Relationship among SCI LOI and (A) pre velocity and (B) post velocity values (table 1).
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of Collins et al, table 6 provides the _VO2 values of activities that
are within a relatively similar range to that of EAW, such as
playing basketball.36 Collins also discusses how the current
established MET values (3.5mL/kg/min) are biased to the able-
bodied population because both intensity and activity levels are
underestimated for those with SCI.36 Collins has suggested that 1
MET be equivalent to 2.7 mL/kg/min for the SCI cohort. There-
fore, when taking this adjustment into consideration for the values
of the present study, our highest recorded MET value now moves
from moderate intensity,35 to just short of vigorous intensity.36

This change in level of intensity would influence training pro-
grams, both for progression and injury prevention/overtraining. As
previously reported, recommended training frequencies are
contingent on intensity levels.35 When this recommended revision
is translated to the current protocol, EAW meets the criteria of
vigorous activity for 3 days a week for at least 30 minutes.10
Study limitations

Because of the small sample size, overall subject demographics
were not uniformed in the present study. One major limitation of
the study is that both motor complete and incomplete participants
were included for participation. The participants with scores
>0 on the LEMS may have affected the outcomes in that those
participants may have been more proficient in using the device
earlier than the others. These participants may have also spared
lower-extremity function, resulting in greater function and less
atrophy of the lower extremities. Standardization of patient
preparation for testing days was an additional limitation to this
study. Timing of when, or if, each meal was consumed may have
Fig 7 Relationship among SCI TSI and (A) pre v
affected metabolic rates. Each patient was informed to keep each
data collection day the same in terms of preparation. Study staff
attempted to collect the data at the same time each day, in addition
to each participant being instructed to eat the same meals as well
as perform the same amount of activity that day. Another limita-
tion of this study was fitness level. Because of the low number of
participants, this study did not limit participation because of one’s
athletic ability. Lastly, follow-up testing on completion of the
training program was not performed to assess whether effects
were retained.
Future recommendations

Increasing subject sample size is needed to increase statistical
power of analysis. With an increase in sample size, future research
may better understand how various demographics such as sex,
LOI, TSI, and LEMS correlate with walking velocity or EAW
proficiency. In terms of performance and cardiorespiratory fitness,
future work should evaluate using these devices while incorpo-
rating a maximal _VO2 test to differentiate improvement in fitness
as opposed to device proficiency. Although this study may not
have evaluated enough training sessions to observe a plateau or
steady state, with continued training, it would be interesting to
observe if there is a significant change in CT. Additionally, it
would be of interest to see the effects if all participants trained
until they all equally reached the ability to ambulate at the same
level of skill. Additionally, using more proficient and experienced
users from the start could be useful for researchers to determine if
EAW user’s CT, during longer testing phases, plateau at any point
reaching a steady state or if _VO2 values continue to rise over the
elocity and (B) post velocity values (table 1).
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Table 4 Testing heart rate data during ambulation

Subject ID

Average Testing Heart Rate % Max Heart Rate

Early Mid Late Early Mid Late

SCI 1 121.00 115.50 109.00 76.10 72.32 68.55

SCI 2 -* 107.00 118.00 -* 59.44 65.55

SCI 3 147.00 130.50 138.00 89.63 79.57 84.14

SCI 4 97.50 91.00 116.00 57.35 53.52 68.23

SCI 5 128.00 146.00 120.00 69.94 79.78 65.57

Mean � SD 123.38�20.45 118.00�21.19 120.20�10.78 73.26�13.42 68.93�11.94 70.41�7.81

* Data unavailable because of device malfunction.
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course of a single testing session. It would also be of interest to
conduct follow-up measurements on completion of the training
program to investigate any retention of training improvements. It
may also be useful to examine exoskeleton use in the home
environment. Whether individuals continue to train outside of a
clinical or rehabilitation setting would be useful information for
continued use and long-term benefits.

Regarding the suggestion of a revised MET value for SCI,
exercise prescriptions should be examined. It would be of interest
to measure CT and other values not just during longer training
sessions but over longer training periods (>20wk). Additionally,
with a change in MET values, intensity would be adjusted, which
would affect the training programs. Future research should also
take into consideration that other devices or advancements in the
technology may also affect _VO2 with features such as variable
assistance. Regardless the amount of function in the lower ex-
tremities of the user, the motors in the ReWalk exoskeleton at both
the hip and knee joints are being used to move the user’s legs,
providing complete assistance during the walk. Other exo-
skeletons have the ability to alter the amount of assistance pro-
vided by the exoskeleton during ambulation. Having this ability
allows trainers and clinicians to force the users to work at their
own functional capacity. It would be interesting to observe this
feature’s effects on _VO2 and CT. One additional recommendation
for future research is to examine changes in body composition
across EAW training. Observing favorable changes in body
composition could support the notion of attributing EAW with
obtaining health benefits.
Conclusions

The introduction of powered exoskeletons has given those with
SCI the ability to ambulate independently or with minimal
Table 5 _VO2 values of related Powered EAW articles

Author n LOI

Kressler et al24 3 T1-T10

Asselin et al12 8 T1-T11

Evans et al25 5 T6-T12

Present study 5 T1-T11

www.archives-pmr.org
assistance overground. Results from the present study demonstrate
that over the course of 20 weeks, powered EAW effort can be
reduced while maintaining or improving CT, thus establishing an
understanding that an improvement in EAW proficiency leads to
an improvement in metabolic efficiency. In conclusion, powered
exoskeleton for use in eligible people with SCI appears to be a
sufficient tool for improving level of physical activity and oxygen
uptake. It is recommended for future research to continue examine
exoskeleton use to determine feasibility and longevity use inside
and outside of the clinical setting.
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_VO2 (mL/kg/min), Mean � SD

Baseline 18th session

21.6�15.1 20.8�12.3

Walk (avg. session 37�13)

11.2�1.7

Walk 1 Walk 2

9.5�0.8 11.5�1.4

Early Mid Late

9.8�1.2 10.9�1.9 12.7�2.3
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Table 6 _VO2 for activities in male subjects with motor complete SCI

Group-LOI n _VO2 (mL/kg/min) 3.5 METS 2.7 METS Group-LOI n _VO2 (mL/kg/min) 3.5 METS 2.7 METS

Aerobics* Shooting baskets*

T1-T8 7 5.43�0.89 1.55 2.01 T1-T8 3 10.50�2.30 3 3.89

T9-L4 3 6.53�2.67 1.87 2.42 T9-L4 2 11.88�0.11 3.39 4.4

Arm cranking 32 W* Table tennis*

T1-T8 14 9.22�2.66 2.63 3.41 T1-T8 3 6.11�1.48 1.75 2.26

T9-L4 9 9.93�1.69 2.84 3.68 T9-L4 4 9.99�1.74 2.85 3.7

Arm cranking 48 W* Present study EAW*

T1-T8 13 11.00�2.51 3.14 4.07 T1-T11 Pre 5 9.76�1.23 2.79 3.61

T9-L4 8 11.88�2.51 3.39 4.4 T1-T11 Mid 5 10.93�1.90 3.12 4.05

Arm cranking 64 W* T1-T11 Post 5 12.72�2.30 3.64 4.71

T1-T8 11 12.96�2.63 3.7 4.8 T1-T7 Pre 3 9.19�2.63 2.63 3.4

T9-L4 9 15.08�2.57 4.31 5.59 T1-T7 Mid 3 10.64�2.47 3.04 3.94

Weight training* T1-T7 Post 3 12.78�3.25 3.65 4.73

T1-T8 14 8.07�2.36 2.31 2.99 T9-T11 Pre 2 10.61�1.39 3.03 3.93

T9-L4 2 9.21�0.29 2.63 3.41 T9-T11 Mid 2 11.37�1.25 3.25 4.21

T9-T11 Post 2 12.65�0.19 3.61 4.68

* Referenced from Collins et al.36
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