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Effects of underwater treadmill training on leg
strength, balance, and walking performance in
adults with incomplete spinal cord injury
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Objective: To document the effects of underwater treadmill training (UTT) on leg strength, balance, and walking
performance in adults with incomplete spinal cord injury (iSCI).
Design: Pre-test and post-test design.
Setting: Exercise physiology laboratory.
Participants: Adult volunteers with iSCI (n= 11).
Intervention: Participants completed 8 weeks (3 × /week) of UTT. Each training session consisted of three walks
performed at a personalized speed, with adequate rest between walks. Body weight support remained constant
for each participant and ranged from 29 to 47% of land body weight. Increases in walking speed and duration
were staggered and imposed in a gradual and systematic fashion.
Outcomemeasures: Lower-extremity strength (LS), balance (BL), preferred and rapid walking speeds (PWS and
RWS), 6-minute walk distance (6MWD), and daily step activity (DSA).
Results: Significant (P< 0.05) increases were observed in LS (13.1± 3.1 to 20.6± 5.1 N·kg−1), BL (23± 11 to
32± 13), PWS (0.41± 0.27 to 0.55± 0.28 m·s−1), RWS (0.44± 0.31 to 0.71± 0.40 m·s−1), 6MWD (97± 80 to
177± 122 m), and DSA (593± 782 to 1310± 1258 steps) following UTT.
Conclusion: Physical function and walking ability were improved in adults with iSCI following a structured
program of UTT featuring individualized levels of body weight support and carefully staged increases in
speed and duration. From a clinical perspective, these findings highlight the potential of UTT in persons with
physical disabilities and diseases that would benefit from weight-supported exercise.

Keywords: Underwater treadmill, Partial body weight-supported treadmill training, Incomplete spinal cord injury, Aquatic gait training, Water therapy,
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Introduction
The use of partial body weight support during over-
ground or treadmill training with manual assistance,
robotic assistance, or functional electrical stimulation
has been shown to aid in the recovery of walking follow-
ing spinal cord injury (SCI).1–7 In a recent study by
Field-Fote and Roach6 involving four different training
approaches (treadmill-based training with manual
assistance, treadmill-based training with stimulation,
overground training with stimulation, and treadmill-
based training with robotic assistance), both overground
and treadmill training produced improvements in
walking speed, but overground training was found to

be most effective in improving walking distance in
persons with chronic motor incomplete SCI. However,
the presence of methodological constraints associated
with existing forms of gait training, including the need
for multiple therapists and the labor-intensive nature
of training, use of a harnessing system which can be
uncomfortable and sometimes contraindicated due to
adverse cardiovascular and orthostatic responses, gener-
ation of abnormal patterns of muscle recruitment and
force production, and the challenge of coordinating
voluntary walking efforts with electrical stimulation pat-
terns7–13 highlights the need to evaluate the potential of
emerging therapies to increase the mobility of persons
with incomplete spinal cord injury (iSCI).
A self-initiated walking intervention which has

remained largely unexamined as a means of improving
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ambulation in individuals with iSCI is underwater
treadmill training (UTT). The use of a treadmill sub-
merged in a self-contained, water-filled tank allows for
the precise control of water depth, walking speed, and
water temperature, a trio of variables that can markedly
influence training responses. Treadmill training per-
formed in a water environment can also serve as an
effective alternative or support to land-based physical
activity and walking programs in adults who experience
balance problems and lower-limb muscle weakness.14–18

In a typical land-based unweighting system, the weight
of the body can be unloaded, but the weight of the
legs remains unchanged. Consequently, if leg strength
is inadequate, some form of external facilitation is
required to move the lower extremities during walking.
Conversely, use of water as an unloading medium
reduces core weight and the weight of the legs, thus
decreasing strength levels needed to move the lower
extremities during self-initiated gait. Other potential
benefits of walking on an underwater treadmill include
improved balance, increased muscle strength caused
by overcoming water resistance and turbulence,
generation of muscle activity and gait patterns similar
to those seen in overground walking,14–21 and enhanced
venous return and cardiac preload associated with
the effects of hydrostatic pressure in an aquatic
environment.22

Against this backdrop, the purpose of this exploratory
study was to document the impact of UTTon locomotor
function in adults with iSCI. Based on the relationship
between balance deficits and limited functional ambu-
lation following SCI23 and recent findings indicating
that leg strength and preferred walking speed explain a
large and significant proportion of variation in daily
step activity (DSA) among persons with iSCI,24 we
hypothesized that UTT would lead to improvements in
lower-extremity strength, balance, and walking
performance.

Method
Participants
Twelve adults with iSCI (males, n= 7; females, n= 5)
volunteered to participate in this investigation. One par-
ticipant, who experienced transportation issues, was not
able to complete the training program within the
allotted time period and her results were not included
in the statistical analysis. Hence, data from 11 partici-
pants were analyzed in this paper. Participants were
recruited through flyers, local newspaper stories describ-
ing the study, and contacts with local clinicians and SCI
community groups. Study enrollment criteria included
being 21 years of age or older, the absence of complex
co-morbidity (e.g. health issues that might limit partici-
pants’ ability to complete the training protocol), the
ability to walk at least 10 m with or without an assistive
device, and being more than 1-year post-accident. All
study volunteers supplied physician documentation of
their SCI and American Spinal Cord Injury
Impairment Scale rating and provided medical clearance
to engage in laboratory testing andUTT. Table 1 provides
descriptive information for study participants. This
project was approved by the university Institutional
Review Board and participants provided informed
written consent before the start of data collection.

Pre-training assessments
Each participant completed a pre-training test battery
during a single laboratory visit. Participants were trans-
ported from their cars using a golf cart or power wheel-
chair to limit the amount of walking prior to testing.

Leg strength
Lower-limb strength was measured using a handheld
dynamometer (JTech Commander PowerTrack II). A
physical therapist trained in the use of handheld dyna-
mometry in persons with physical disabilities performed
all muscle strength assessments. Our decision to use

Table 1 Descriptive characteristics of study participants

Sex Age in years Level of lesion AIS Years post-injury Primary mode of locomotion

M 56 T5 C 3 Wheelchair
M 62 C4 D 2.5 Ambulation
M 62 L2 C 6 Wheelchair
F 51 C3 C 3 Ambulation
M 43 T8 C 2 Wheelchair
M 28 L2 C 28 Wheelchair
M 23 C6 C 1.5 Wheelchair
F 64 C4 C 1 Ambulation
M 50 C2 C 1 Wheelchair
F 40 T6 D 3 Wheelchair
F 46 L2 C 2 Wheelchair

Note: M, male; F, female; ASI, American Spinal Injury Association Impairment Scale.
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handheld dynamometry to assess muscle strength was
partly based on the inability of manual muscle testing
methods to sufficiently detect small or moderate gains
in strength over the course of rehabilitation.25

Moreover, handheld dynamometry has been shown to
be highly reliable (r> 0.91) when assessing the impaired
limbs of persons with neurological disabilities26 and
demonstrate good validity in all force ranges, with val-
idity and reliability increasing when stabilization tech-
niques are employed and trained examiners are present.27

Participants were securely positioned in a chair or on a
mat table, with proximal stabilization provided to mini-
mize muscle substitution and ensure appropriate force
application. Maximal isometric leg strength during (a)
hip flexion, extension, and abduction; (b) knee flexion
and extension; and (c) ankle dorsiflexion and plantar
flexion was measured in both legs. These muscle groups
were selected based on research demonstrating the indi-
vidual and collective relationship between muscle
strength determined by manual muscle tests and func-
tional walking measures in adults with iSCI.28 A
minimum of three trials were completed for each
muscle group in both legs26 and participants were
instructed to exert as much force as possible against the
dynamometer, which was held in place by the primary
investigator. When maximal effort appeared to be gener-
ated (∼3 to 5 seconds), participants were instructed to
relax. The highest achieved values during strength
measurements obtained for each leg were summed to
establish an overall strength score for a given muscle
group.29–31 Overall strength scores for the seven muscle
groups were then added to derive a total lower-extremity
muscle strength score expressed relative to body mass.
This summative approach to quantifying muscle strength
has been implemented in previous studies of strength and
neurological impairment in the SCI population.32–34

Balance
Balance was measured using the Berg Balance Scale
(BBS). The BBS, which has been validated in persons
with SCI23 and used in iSCI intervention research,32

evaluates balance during static and dynamic activities
performed while seated and standing. This balance
evaluation required participants to complete 14 tasks,
ranging from sitting with feet on the floor with no
back support to standing on one leg. Performances on
these tasks were combined to provide a numeric
balance score ranging from 0 to 56.

Walking speed
Walking speed was determined using the 10-m walk test.
In this test, participants walked in a straight line for

14 m at a normal, comfortable pace in an indoor gymna-
sium. Using two photoelectric cells, walking time was
recorded during the central 10 m of the course to
account for potential acceleration and deceleration
effects. Participants completed the test using assistive
devices typically employed while walking in their natural
environment. Each participant performed three walking
trials and was allowed to rest for as long as needed
between trials. From knowledge of distance and time,
walking speed was calculated. Mean preferred walking
speed for each participant was obtained by averaging
speeds calculated for each walking trial. Participants who
were able to walk at velocities exceeding their typical
pace also completed three additional walks over the
same course at the fastest pace they could safely sustain.
Speeds for these trials (expressed in meters per second)
were averaged to derive mean rapid walking speed.

Walking endurance
The 6-minute walk test, which has been validated in the
iSCI population,35 was performed to assess the walking
endurance of our sample. In this test, participants
walked for 6 minutes around an oval course in a gymna-
sium. Participants were instructed to cover as much dis-
tance as possible in the time allotted and allowed to
select their preferred method of assistive device use
during the walking trial. Participants were followed
with a wheelchair and provided with an opportunity to
rest during the test, if necessary. Total walking distance
was recorded using a calibrated measuring wheel and
expressed in meters traveled.

Daily step activity
Step activity at home and in community settings was mon-
itored using an Orthocare Step Activity Monitor (SAM).
The SAM has been reported to be 97% accurate when
compared to hand-tallied step counts during 10-m and
6-minute walk tests.36 Additional validation was con-
ducted in a published SCI case study demonstrating
98% accuracy between manual counts and those recorded
with the SAM.37 Initial calibration of the SAM involved
establishing settings for the expected sensitivity, cadence,
threshold, and motion characteristics of each participant.
Following this calibration procedure, the SAM was
attached with a Velcro strap to the less-involved leg
based on previous research validating the use of the less-
involved lower limb in patients with SCI.36 Participants
were observed during overground walking to ensure that
all step activity was captured. If step counts were missed,
or if non-step activity was registered, initial sensitivity,
cadence, threshold, and motion settings were adjusted
until all valid step activities were registered. Prior to

Stevens et al. Underwater treadmill training in SCI

The Journal of Spinal Cord Medicine 2015 VOL. 38 NO. 1 93



leaving the laboratory, participants were instructed in the
care of and wearing schedule for the SAM.

Step monitoring began the day after calibration of the
SAM. Over seven consecutive days, step activity data
were collected in 1-minute epochs during waking
hours, except while showering or bathing. The activity
monitors were returned to the primary investigator fol-
lowing the 7-day assessment period for downloading
and processing of stored step data.

Accommodation to underwater treadmill walking
Participants completed a walking session in the tread-
mill tank (HydroTrack® Underwater Treadmill
System, Conray, Inc., Phoenix, AZ, USA) before com-
mencing UTT. Prior to this session, each participant
was fitted with a non-weight-bearing body harness
worn loosely around the mid-section of the body,
which served to restrain participants if they stumbled
while walking in the water tank. Absolute levels of
water height were established for each participant
based on the minimum water height necessary to
produce and maintain an upright position consisting
of knees and hips in a maximally extended position
while standing in the tank without support from the
body harness or upper extremities. Once an appropriate
water height was determined, participants walked for 1
minute at a speed that was either 50% slower than
their mean preferred overground walking speed or
0.20 m·s−1 (the slowest speed setting on the treadmill),
whichever was faster. If the personalized water height
level allowed for an appropriate balance between
support and loading during the 1-minute walk, it was
recorded and used during UTT. This height was also
marked on the body and used when calculating the per-
centage of body weight unloading for each participant.
Following the 1-minute walk, participants were lifted
completely off the bottom of the tank using a hydraulic
suspension system, water level was raised to the pre-
viously marked location on the body, and body mass
was recorded using load cells embedded within a
weight-unloading system (LiteGait BiSym Suspension
System, Model PBS 1637, Mobility Research, Tempe,
AZ, USA) located next to the tank. The difference in
body mass measured on land and in the water was
divided by the participant’s land body mass to deter-
mine the relative level of body mass that was unloaded.
For our sample, the mean percentage of land body mass
unloaded in the water tank was 38% (range= 30–47%),
a value similar to that employed in other investigations
of body weight-supported treadmill training.7,38,39

During the treadmill accommodation session, partici-
pants completed three 5-minute walking trials, during

which standing and exercise heart rates were recorded
using a Polar heart rate monitor. Participants were
also asked to identify their rating of perceived exertion
(RPE) at the conclusion of each walk.40 At the begin-
ning of the first 5-minute walk, walking speed was
initially set as described previously and gradually
adjusted during the first minutes of exercise until an
increase in heart rate was observed from standing
heart rate, an RPE of at least “3” (moderate exertion)
was reported, no adverse responses were observed (e.g.
dizziness, changes in muscle tone, shortness of breath,
pain), and appropriate levels of hip and knee extension
were maintained. This final speed setting was used
during the remaining walking trials and served as the
initial training speed during the first week of UTT.
Rest periods of at least 5 minutes occurred between
walking trials. While resting, participants were provided
with a choice of standing in water or sitting in a flotation
chair. Despite their limited capacity to sustain over-
ground ambulation, all participants were able to suc-
cessfully complete three 5-minute underwater treadmill
walks. Consequently, the duration of exercise trials in
week 1 of UTT was set at 5 minutes to build upon this
initial stage of walking success and avoid overtaxing
or exceeding the functional capabilities of our
participants.41

Water temperature for the treadmill accommodation
session was initially established at 90°F. Participants
were observed during the walking trials to evaluate
muscle tone (e.g. facilitation of a crossed extension
pattern interfering with stepping) and pain levels.
Water temperature was adjusted if a negative response
was noted or if requested by the participant. The final
water temperature selected was used throughout the
UTT program unless the participant requested a
change or adverse physiological reactions (e.g., excessive
sweating, abnormal rise in heart rate) were observed by
the trainer.

Underwater treadmill training
Following the treadmill accommodation session, each
participant underwent a 2-month period of UTT con-
sisting of three training sessions per week for 8 weeks.
Each training session consisted of three walks of equal
duration with ample rest periods (5–10 minutes)
between walking bouts. In the first week of UTT, partici-
pants completed three 5-minute walking bouts at the
personalized water height, walking speed, and water
temperature established during the treadmill accommo-
dation session. For all training sessions, heart rate was
monitored continuously using a Polar heart rate
monitor and participants verbally reported their RPE
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value. All participants declined the option of wearing
the non-weight-bearing harness used in the treadmill
accommodation session.
As training progressed, staggered increases in walking

speed and duration were imposed in a systematic and
incremental fashion. The general outline of adjustments
in training parameters is shown in Table 2. As displayed
in this table, walking speed was raised by 10% in weeks
2, 4, 6, and 8, resulting in a 40% increase in walking
speed over the 2-month training program. All but one
study participant was able to tolerate scheduled
biweekly increments in walking speed, and this person
accommodated to speed increases ranging from 5 to
10%. The length of each walking bout was also length-
ened by 1-minute increments in weeks 3, 5, and 7, result-
ing in biweekly increases of 3 minutes in overall walking
duration in a given training session. Consequently, at the
beginning of UTT (weeks 1 and 2), participants com-
pleted three 5-minute walks and accumulated 15
minutes of total walking. However, towards the end of
training (weeks 7 and 8), all participants were able to
perform three 8-minute walks for a total of 24 minutes
of walking, resulting in a 60% increase in walking
duration.

Post-training assessments and data analysis
Following UTT, participants completed a post-training
evaluation identical to that conducted during the pre-
training phase of the study. Data were analyzed using
SPSS Version 17 (SPSS Inc., Chicago, IL, USA).
Repeated-measures analysis of variance (ANOVA) was

conducted to measure training-related changes in leg
strength, balance, preferred and rapid walking speeds,
6-minute walk distance, and DSA. Additional
ANOVA tests were performed to quantify differences
in primary outcome variables as a function of level of
walking independence and to compare relative strength
gains between the stronger and weaker legs and across
individual muscle groups.

Results
Descriptive group statistics for pre-and post-training
measurements of leg strength, balance, and functional
mobility are presented in Table 3. Participants exhibited
significant (P≤ 0.05) improvements in leg strength
(57%), balance (39%), preferred walking speed (34%),
rapid walking speed (61%), 6-minute walk distance
(82%), and DSA (121%) following UTT. Effect sizes
(partial η2) for these primary outcome measures
varied from 0.51 to 0.84, indicating that training
effects were medium to large in magnitude. Fig. 1
depicts pre- and post-training values for each partici-
pant. Compared to pre-training data, all 11 participants
exhibited improvements in leg strength, preferred and
rapid walking speed, 6-minute walk distance, and
DSA and nine participants displayed an increase in
balance following UTT. Furthermore, no differences in
any of the primary outcome variables were observed
when comparisons were made between participants
with lower or higher WISCII-II scores (Fig. 2).
Post-hoc tests were conducted to evaluate overall

strength training responses of both legs, as well as

Table 3 Pre- and post-training values of leg strength, balance, preferred walking speed, rapid walking speed, 6-minute walk
distance, and daily step activity

Pre-training Post-training

Variable M SD M SD P Partial η2

Leg strength (N·kg−1) 13.17 3.19 20.69 5.18 <0.001* 0.84
Balance 23.55 11.74 32.82 13.37 0.002* 0.65
Preferred walking speed (m·s−1) 0.41 0.27 0.55 0.28 0.002* 0.64
Rapid walking speed (m·s−1) 0.44 0.31 0.71 0.40 0.002* 0.64
6-minute walk distance (m) 97.3 80.2 177.0 122.33 0.009* 0.51
Daily step activity (one leg) 593 782 1310 1258 0.01* 0.51

Note: Values are mean and standard deviation; *= P< 0.05; partial η2= effect size.

Table 2 Overview of weekly increments in walking speed and duration

Variable Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

Speed TA speed 10% increase No change 10% increase No change 10% increase No change 10% increase
Duration 5-minute

walks
No change 6-minute

walks
No change 7-minute

walks
No change 8-minute

walks
No change

Note: TA speed, treadmill accommodation speed.
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specific lower-extremity muscle groups. These analyses
revealed no significant difference (P> 0.05) in the train-
ing response between the stronger and weaker legs.
Strength improvements averaging 51 and 65% were
measured in the stronger and weaker legs, respectively
(Fig. 3). Fig. 4 depicts muscle strength levels, averaged
across legs, before and after UTT. When training-
related strength increases were expressed in relative

terms, similar percentage gains in mean strength (P>
0.05) were noted for all seven lower-limb muscle
groups.

Discussion
Limitations in mobility and physical activity status take
on a heightened sense of importance for persons with
SCI, as sedentary living is associated with a variety of

Figure 1 Pre- and post-training values of primary outcome variables for individual participants.
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negative outcomes in this population, including skin
breakdown, osteoporosis, muscle atrophy, respiratory
and cardiovascular problems, urinary tract infections,
and a host of comorbidities associated with diminished
health and decreased lifespan.42,43 Consequently, the
aim of this exploratory investigation was to quantify
the effects of UTT on leg strength, balance, and
walking performance in adults with iSCI. Overall, our
findings demonstrate that partial body weight-

supported treadmill training performed in a controlled
aquatic environment led to significant improvements
of moderate to large magnitude in physical function
and walking ability in our sample of physically chal-
lenged individuals.

Lower-extremity strength
Significant improvements were observed in all leg
strength measures, with individual muscle groups contri-
buting in a similar fashion to the overall increase in leg
strength. In addition, the UTT protocol was sufficient to
strengthen both the stronger and weaker legs of our par-
ticipants (Fig. 3). It is difficult to compare lower-extre-
mity strength values measured in the present
investigation with data collected in other studies of
persons with SCI because researchers have typically
employed scale-based measures of muscle strength.32,34

However, previous research has identified recovery of
leg strength as the best predictor of functional ambu-
lation following SCI28 and Stevens et al.24 have reported
a strong positive association (r= 0.83) between lower-
extremity strength and daily stepping activity in adults
with iSCI.
To compensate for muscle atrophy, which occurs fol-

lowing spinal cord damage, more motor units are
recruited than would normally be needed to perform
daily tasks requiring submaximal efforts, resulting in a
greater energy demand and early fatigue.44 This level
of motor unit recruitment is typically seen in higher-
threshold units, which fatigue rapidly due to their
inability to support aerobic metabolism44 and usually
remain inactivated during activities such as slow

Figure 2 Relative changes in primary outcome variables in
less-impaired and more-impaired participants following UTT.
Less-impaired participants (n= 6) achieved WISCI-II scores
from 13 to 18 and more-impaired participants (n= 5) achieved
WISCI-II scores from 6 to 11. LS, leg strength; BL, balance;
PWS, preferred walking speed; RWS, rapid walking speed,
6MWD, 6-min walk distance, and DSA, daily step activity.

Figure 3 Changes in lower-extremity strength of the stronger
and weaker leg following UTT.

Figure 4 Strength gains achieved in each lower-limb muscle
group following UTT.
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walking.44 Although speculative, interventions like
UTT, which feature sustained periods of walking and
gains in lower-extremity strength, may rely to a greater
extent on the recruitment of lower-threshold motor
units and lead to reduced fatigue levels during standing
and low- to moderate-intensity walking in persons
with iSCI.

Balance
Changes in balance resulting from partial body weight-
supported treadmill training have typically not been
evaluated, primarily because trunk and pelvic support
are provided. In the current study, balance was signifi-
cantly improved following UTT, with participants
increasing their scores on the BBS by an average of
nine points. According to the developers of this
balance assessment instrument, a change of eight
points or more is needed to observe a genuine change
in postural balance and function.45 The magnitude of
change in BBS score reported in the present investi-
gation also exceeds the minimal clinically important
difference (MCID) suggested by Ditunno et al.46 of
five to seven points for individuals with SCI and the
MCID of six points for persons post-stroke.47 While
the reasons underlying improvement in balance remain
to be elucidated, the use of water as the unloading mech-
anism during UTT may have allowed for greater excur-
sions of weight shift than that provided in a land-based
harnessing system, lengthened reaction time, or enabled
small, corrective positional adjustments to be made on a
real-time basis, all of which would serve as positive
stimuli to maintain an upright posture and enhance
balance while walking.

With respect to other published work documenting
the impact of partial body weight-supported training
(PBWST) on locomotor status, Behrman and
Harkema,48 reported that a 43-year-old male who was
eight months post-injury (injury at C6; AIS D classifi-
cation) progressed from PBWST to overground training
in an 11-week period and displayed a 23% increase in his
BBS score. In comparison, participants in the current
investigation displayed a 39% improvement in the BBS
score despite the presence of a longer mean post-injury
time frame (5 years) and a shorter training period (8
weeks). Moreover, Harkema et al.49 reported an
average improvement in BBS of 9.6 points in 196 partici-
pants with iSCI who engaged in an intensive locomotor
training program featuring body weight-supported step
training with manual facilitation on a treadmill followed
by overground assessments and community integration,
a degree of improvement nearly identical to that
observed in our sample.

Walking speed
Significant increases in walking speed were noted fol-
lowing UTT. Compared to pre-training values, preferred
and rapid walking speeds rose by an average of 0.14 and
0.27 m·s−1, respectively. The magnitude of increase in
preferred walking speed was 27% greater than that
reported by Wirz et al.7 after an 8-week program of
robotic gait training involving 20 adults with iSCI and
exceeded the MCID of 0.05–0.06 m·s−1 reported by
Mussleman.47 Additionally, the increase in rapid
walking speed noted in the current project was larger
than the MCID of >0.16 m·s−1 reported by Tilson
et al.50 for persons with severe gait speed impairment.
In relating our findings to ecological measures of
walking ability, a recent investigation conducted by
Stevens et al.24 demonstrated the existence of a curvi-
linear association between freely chosen walking speed
and the number of daily steps taken in home and com-
munity settings by adults with SCI. Results drawn
from this study of 21 adults with iSCI indicated that
once walking velocity exceeds ∼0.42 m·s−1, greater
improvement in daily stepping activity occurs with rela-
tively small increments in walking velocity. In our par-
ticipant sample, mean pre- and post-training preferred
walking speeds were 0.41 and 0.55 m·s−1, respectively.
Based on the walking speed–step activity relationship
established previously by Stevens et al.,24 this training-
related increase in preferred walking speed should
result in an average increase in DSA of approximately
875 steps. Interestingly, this predicted gain in daily
step count comports reasonably well with the actual
mean increase of 717 steps per day observed following
UTT in the current investigation.

Six-minute walk test
An 82% increase in 6-minute walk distance was
observed following 2 months of UTT. The magnitude
of improvement in locomotor performance is substan-
tially greater than the 53% increase in 6-minute walk dis-
tance reported by Wirz et al.7 in 20 persons with iSCI
who completed an 8-week, robotically assisted body
weight-supported treadmill training program consisting
of three therapy sessions per week. In practical terms,
the mean increase in distance observed was approxi-
mately 80 m, a value that exceeds the MCID of 54 m
reported in a series case study by Mussleman47 and
the increase of 63 m noted by Harkema et al.49 in a
large sample of adults with iSCI who completed a rigor-
ous program of locomotor training. In addition, while
none of the 11 participants in our study were able to
complete the 6-minute walk test without resting prior
to UTT, nine of them were able to complete the test
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with no rest break after UTT. Based on these findings,
we hypothesize that the increase we recorded in 6-
minute walk distance may reflect central and peripheral
adaptations associated with the aerobic nature of the
UTT program, including an expanded stroke volume
and increases in mitochondrial capacity, muscle capil-
larization, and fat and carbohydrate oxidation.51

Improvements in metabolic gait economy, maximal
aerobic power, and the ability to incur a higher percen-
tage of maximal aerobic power may have also contribu-
ted to the greater distance covered during the 6-minute
walk test.52

Daily step activity
Participants more than doubled their mean DSA in
home and community settings following UTT. In the
current study, participants exhibited an average daily
step count (for one leg) of 593 steps prior to training,
with individual step count values ranging from 15 to
2760 steps. In contrast, Bowden and Behrman36

reported a mean DSA of 1604 steps (range= 68–4468
steps) for nine participants (age 21–59 years) with iSCI
and Saraf et al.53 noted that the average DSA of their
sample of 91 people with iSCI was 2658 (±2745) steps
per day, with a range of 0–11 660. Although our
sample of adults with iSCI was less ambulatory
compared to participants in the Bowden and
Behrman36 and Saraf et al.53 studies, the wide range of
individual step count activity displayed in all three inves-
tigations clearly highlights the pronounced hetero-
geneity in the community-based walking activity of
adults with iSCI. This degree of variability in daily
step count may be linked to factors such as the extent
of neural sparing, residual leg strength, and the
availability of opportunities to engage in ambulatory
physical activity.
When considering the health benefits of walking, it is

important to recognize that health-related cutpoints for
DSA have yet to be established for adults with various
neurological conditions. However, relative to the
general adult activity guideline of 10 000 steps per day
established by the Centers for Disease Control and
Prevention54 or published step count values for seden-
tary behavior (<5000 steps per day for both legs),55 it
is clear that participants in the present investigation
exhibited low levels of daily walking activity. Viewed
in this context, the large relative increase in step activity
documented in the present study represents a gain in
functional mobility which, if maintained or expanded
over time, might be expected to lower the risk of morbid-
ity and mortality from cardiovascular disease and other
lifestyle-related health disorders.

While positive benefits in physical performance
and functional mobility were observed in adults with
iSCI following UTT, limitations of this exploratory
investigation include a limited sample size, the
absence of a matched control group, and involvement
by study personnel in both pre- and post-training
assessments and the training program. Future studies
featuring larger samples sizes and appropriate
control groups should be performed to compare the
effectiveness of UTT with existing neurorehabilitation
approaches. Additional research should also be
conducted to optimize UTT protocols in persons
with iSCI and assess the interactive effects of UTT,
disability level, and injury timeline on walking
ability, physical function and health, and social
participation.
In conclusion, data from this preliminary study

revealed that 8 weeks of UTT improved leg strength,
balance, and walking performance in adults with
iSCI. From a practical viewpoint, confirmation of
mobility and functional adaptations resulting
from UTT could lead to the eventual use of smaller,
relatively inexpensive portable underwater treadmills
in clinic- and community-based settings by persons
with a variety of physical disabilities and diseases (e.g.
stroke, knee and hip injuries, lower-limb surgery,
obesity) that would benefit from weight-supported
exercise.
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