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Background: Walking devices are frequently prescribed for many individuals, including those with spinal
cord injury (SCI), to promote their independence. However, without proper screening and follow-up care, the
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individuals may continue using the same device when their conditions have progressed, that may possibly
worsen their walking ability.
Objective: This study developed an upper limb loading device (ULLD), and assessed the possibility of using
the tool to determine the optimal walking ability of ambulatory participants with SCI who used a walking
device daily (n ¼ 49).
Methods: All participants were assessed for their optimal walking ability, i.e., the ability of walking with the
least support device or no device as they could do safely and con¯dently. The participants were also assessed
for their amount of weight-bearing on the upper limbs or upper limb loading while walking, amount of weight-
bearing on the lower limbs or lower limb loading while stepping of the other leg, and walking performance.
Results: The ¯ndings indicated that approximately one third of the participants (31%) could progress their
walking ability from their current ability, whereby four participants could even walk without a walking
device. The amount of upper limb loading while walking, lower limb loading ability, and walking performance
were signi¯cantly di®erent among the groups of optimal walking ability (p < 0:05). Furthermore, the amount
of upper limb loading showed negative correlation to the amount of lower limb loading and walking per-
formance (� ¼ �0:351 to �0.493, p < 0:05).
Conclusion: The ¯ndings suggest the potential bene¯t of using the upper limb loading device and the
amount of upper limb loading for walking device prescription, and monitoring the change of walking ability
among ambulatory individuals with SCI.
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Introduction

A walking device is commonly prescribed to many
individuals, including those with spinal cord injury
(SCI), to allow various degrees of upper limb con-
tribution to compensate for the lower limb and
mobility de¯cits, and to promote the independence
and e®ects of task-speci¯c walking practice for
these individuals.1,2 Therefore, individuals who use
di®erent types of walking devices should have dif-
ferent weight-bearing or lower limb loading abili-
ties, and di®erent requirements for upper limb
contribution while walking.2–4 Then, when their
lower limb loading ability is improved, individuals
could reduce the need for upper limb involvement
and progress their walking performance.2,5,6

The reduction of upper limb contribution when
the individuals could walk safely, allows for a less
cumbersome, reciprocal, and e±cient walking man-
ner,2–4 as well as minimizes the possible negative
impacts due to long-term use of a walking device
(e.g., the development of abnormal walking manners
with high attention and metabolic demands, as well
as the risk of musculoskeletal injuries in the upper
extremities and back).7–12 Contrarily, early reduc-
tion of the upper limb contribution when individuals
are unable to do so could destroy the self-con¯dence
and safety of individuals that could a®ect their in-
dependence.13 Therefore, the ability to determine
the walking alteration requires periodic follow-up
from an experienced health professional over time.

Nevertheless, such follow-up by the same assessor
may not be possible in every healthcare setting, es-
pecially in those cases with limited number of sta®,
that could a®ect data comparison among the asses-
sors, as well as time intervals.4,14–16 These problems
may result inmany ambulatory individuals with SCI
lacking periodic follow-up for walking alteration,
causing them to continue using the same walking
device even when their walking ability has already
progressed or deteriorated.1,6,13 This issue is impor-
tant nowadays given that the present rehabilitation
lengths have dramatically decreased,17 and that
many ambulatory individuals with SCI need a
walking device, particularly a standard walker, at
the time of discharge to promote their independence,
and minimize the burden of care on family mem-
bers.1,3 The researchers hypothesized that the de-
velopment of an upper limb loading device (ULLD)
to assess the amount of weight-bearing on the upper
limbs or upper limb loading during walking may
indirectly re°ect the lower limb loading ability and
walking performance of ambulatory individuals with
SCI. Thus, this study developed a ULLD from an
adjustable walker and used the tool to measure the
amount of upper limb loading while the participants
were walking. Then the study compared the amount
of upper limb loading, lower limb loading ability,
and walking performance among the groups of am-
bulatory individuals with SCI who walked at their
optimal ability. Furthermore, the study explored the
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correlation between the amount of upper limb
loading, lower limb loading ability, and walking
performance in ambulatory individuals with SCI.
The ¯ndings would suggest the use of upper limb
loading and a ULLD as an alternative measure to
prescribe awalking device andmonitor the change of
walking ability of individuals who used a walking
device in various settings (i.e., hospital, clinic,
community, or patient's home).

Materials and Methods

Participants

This study cross-sectionally recruited community-
dwelling ambulatory individuals with SCI who
walked independently with a walking device from
June 2018 to August 2019. The inclusion criteria
were as follows: at least 18 years of age, having SCI
from traumatic and non-progressive causes, and
experiencing a subacute and chronic stage of injury.1,18

Individuals were excluded if they had any signs and
symptoms that might a®ect the outcomes — for
example, deformity in the joints of the extremities,
leg length discrepancy, and pain in the musculo-
skeletal system with a pain score of more than 5
out of 10 on a visual analog scale.1,6 From the
sample size calculation for a correlation study with
the alpha level set at 0.05, power of test at 0.8, and
level of correlation at 0.55 (from a pilot study,

n ¼ 15), the ¯ndings indicated that the study
needed at least 40 participants. Every participant
signed informed consent, which was approved by
the local Ethics Committee for Human Research
(HE601164) prior to participation in the study.

Research procedure

The research protocol was divided into two phases,
including upper limb loading device development
and data collection. Details of each phase are
provided in the following.

Phase I: Upper limb loading device

development

The ULLD was developed from an adjustable
walker and the digital load cells [model: DBBP-
100; maximum capacity: 100 kg/side; mini-patent
application number: 2003003449; see Fig. 1(a)] to
properly quantify the amount of upper limb load-
ing during walking as controlled by a mobile ap-
plication. Subsequently, the tool was calibrated
using a standard calibration system based on the
United Kingdom Accreditation Service (UKAS
M3003, edition 3: 2019, with an accuracy of up to
0.2 kg and an uncertainty of measurement of
�0:2 kg). After development, the tool could gen-
erate the amount of upper limb loading in real-time
while an individual was walking [Fig. 1(b)] and the

Fig. 1. (a) An upper limb loading device and (b) its real-time display section from mobile application (mini-patent application
number: 2003003449).
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data was automatically saved in digital memory as
an Excel ¯le for further analysis. Then the researchers
used the tool to assess the amount of upper limb
loading of the participants.

Phase II: Data collection

The eligible participants were interviewed and
assessed for their demographics and SCI char-
acteristics, including gender, age, cause of injury,
post-injury time, level and severity of SCI, using
sensorimotor scores and criteria from the American
Spinal Cord Injury Association Impairment Scale
(AIS), and the type of walking device used in their
daily walking. Subsequently, participants were
assessed for the amount of upper limb loading
while walking, lower limb loading ability while
stepping of the other leg, and walking performance
using the 10-m walk test (10MWT) and the 6-min
walk test (6MinWT) in a random order. Details of
the tests are as follows.

Upper limb loading while walking. The
participants walked along a 10-m walkway with a
ULLD at their preferred speed. Their amount of
upper limb loading throughout the walkway was
automatically saved in digital memory, and the
average upper limb loading along the walkway was
reported in terms of the percentage of body weight.

Lower limb loading ability. Participants
were assessed for their weight-bearing ability on
the lower limbs or lower limb loading ability during
a single limb support period while stepping with
the other leg. Participants stood in a step-standing
position and placed the leg being tested on a digital
load cell (model: L6E3-C, 200 kg-3G; maximum
capacity 200 kg with an accuracy of 0.035 kg).19

They were instructed to shift their body weight
onto the leg being tested as much as possible and
step forward with the other leg with or without
using their arms, according to their ability. Parti-
cipants performed ¯ve trials for each lower ex-
tremity in which the ¯rst two trials served as
practice trials, and the average lower limb loading
ability over the other three trials of each lower limb
was reported as a percentage of body weight.20

Optimal walking ability. Previous studies2–4

reported the levels of body weight support by dif-
ferent types of walking devices, i.e., up to 75–100%
of body weight for a standard walker, up to 50% of
body weight for crutches, and only 15–20% of body
weight for a single cane. Therefore, participants
who had lower limb loading ability better than
their usual ability were asked to gradually change a

walking device to the ones with the least support or
no device as they could walk safely and con¯dently
as determined using the opinion of an experienced
physical therapist. The ¯ndings were used to indi-
cate an optimal walking ability of the participants.6

The 10-m walk test. The 10MWT measures
an ambulatory status of the participants in terms
of walking speed. Outcomes of the test are associ-
ated with overall quality of gait and community
participation of the individuals.21 Participants
walked at their optimal ability (with or without a
walking device) at a preferred walking speed along
a 10-m walkway. The time required for over 4m in
the middle of the walkway was recorded in order to
minimize acceleration and deceleration e®ects. The
average ¯nding over the three trials was used for
data analysis.22,23

The 6-min walk test. The test measures the
functional endurance of ambulatory individuals
with SCI.24 Participants walked along a rectangu-
lar walkway at their optimal ability (with or
without a walking device) for as long as possible in
6min. During the test, participants were allowed to
rest as needed and continue walking as soon as they
could, without stopping the timer. Every minute
during the test, participants were informed about
the time left and o®ered encouragement. The dis-
tance covered after 6 min was recorded.24,25

Data analysis

Participants were arranged into the groups of op-
timal walking ability. With non-normal data dis-
tribution, descriptive statistics [median and
interquartile range (IQR)] were used to explain the
demographics, SCI characteristics, and the ¯ndings
of the study. The Kruskal–Wallis test or Chi-
square test was applied to compare the ¯ndings
among the groups for continuous and categorical
data, respectively. Then the Mann–Whitney U-test
was applied to analyze the di®erences for every
pairwise comparison. Furthermore, Spearman's
rank correlation coe±cient was applied to quantify
the relationship between the amount of upper limb
loading and other variables relating to walking
performance of the participants. A p-value less
than 0.05 was considered statistically signi¯cant.

Results

Forty-nine ambulatory participants with SCI who
daily walked with a walking device completed this

58 M. Kumprou et al.



study. Most participants were males with a median
age of 58 years, at a chronic stage (with a median
post-injury time of 61 months), had mild lesion
severity (AIS D, 82%), and could walk over a long
distance (more than 50m) with walking device
(88%; Table 1).

In their daily walking, most participants
(n ¼ 23, 47%) used a standard walker, followed by
a single cane (n ¼ 17, 35%) and the crutches
(n ¼ 9, 18%). After assessments of their optimal
walking ability, it was found that most partici-
pants could walk with a single cane (n ¼ 19, 39%),

Table 1. Demographics and SCI characteristics of participants.

Groups of optimal walking ability

Variable
All participants

(n ¼ 49)*
Walker
(n ¼ 12)

Crutches
(n ¼ 14)

Cane
(n ¼ 19)

None
(n ¼ 4) p-Value

Age (year), median (IQR) 58 65.50 54 60 58.50 0.088b

(48.50–64.50) (51–69.75) (40.75–58.75) (45–63) (54–66.75)
Post-injury time (months), median (IQR) 61 96 78 53 18 0.099b

(25–120) (46–150) (24–160.25) (26–108) (11.25–58.50)
Stage of injury: Chronic,a n(%) 45(91.8) 12(100) 12(85.7) 18(94.7) 3(75) 0.322c

Gender: Male,a n(%) 34(69.4) 9(75) 8(57.1) 16(84.2) 1(25) 0.077c

Cause: Traumatic,a n(%) 21(42.9) 6(50) 6(42.9) 8(42.1) 1(25) 0.855c

Level of injury: Paraplegia,a n(%) 30(61.2) 6(50) 10(71.4) 12(63.2) 2(50) 0.684c

Severity of injury, n (%):
AIS C 9(18.4) 2(16.7) 4(28.6) 3(15.8) — 0.577c

AIS D 40(81.6) 10(83.3) 10(71.4) 16(84.2) 4(100)
FIM-L, n(%):

FIM-L 5 6(12.2) 2(16.7) 3(21.4) 1(5.3) — 0.434
FIM-L 6 43(87.8) 10(83.3) 11(78.6) 18(94.7) 4(100)

Notes: IQR: Interquartile range, AIS: American Spinal Cord Injury Association impairment scale, and FIM-L: Functional
Independence Measure Locomotor. *Prior to the assessments, most participants used a standard walker (n ¼ 23, 47%), followed
by a single cane (n ¼ 17, 35%) and the crutches (n ¼ 9, 18%); athese variables were categorized according to the following criteria:
stage of injury: subacute/chronic, gender: male/female, cause of injury: traumatic/non-traumatic SCI, and level of injury: in-
complete tetraplegia/incomplete paraplegia. bp-Value was from Kruskal–Wallis test. cp-Value was from Chi-square test.

Table 2. Sensorimotor scores of the participants.

Groups of optimal walking ability

Variable
All participants

(n ¼ 49)
Walker
(n ¼ 12)

Crutches
(n ¼ 14)

Cane
(n ¼ 19)

No
(n ¼ 4) p-Value

Motor scores
Upper extremities (50 scores) 50 47.50 50 50 49 0.222

(44.50–50) (38.75–50) (50–50) (45–50) (41.25–50)
Lower extremities (50 scores) 35 35 30 37 41 0.150

(25.50–42) (25.25–41.75) (24–37.50) (27–43) (34.75–45)
Sensory scores
Light-touch
Upper extremities (76 scores)

76 74 76 76 71 0.168

(72–76) (60.50–76) (75–76) (76–76) (50.25–76)
Lower extremities (36 scores) 22 19 22 26 22 0.243

(18–30.50) (18–23.50) (19.50–32.25) (18–35) (18–32)
Pinprick
Upper extremities (76 scores)

76 74 76 76 71 0.121

(72–76) (60–76) (72–76) (76–76) (50.25–76)
Lower extremities (36 scores) 24 22 21 26 22 0.400

(18–32) (18–24) (18–31.50) (18–35) (18–32)

Note: The data were presented using median and IQR, according to the American Spinal Cord Injury Association
protocol. The p-value was from Kruskal–Wallis test.
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followed by the crutches (n ¼ 14, 29%) and a
standard walker (n ¼ 12, 24%); four participants
(8%) were able to walk without a walking device
(Table 1). The demographics, SCI characteristics,
and sensorimotor scores showed no signi¯cant dif-
ferences among the groups of optimal walking
ability (p > 0:05; Tables 1 and 2). Nevertheless,
there were signi¯cant di®erences among the groups
for the amount of upper limb loading while walk-
ing, lower limb loading ability during stepping of
the other leg, and walking performance as deter-
mined using 10MWT and 6MinWT, particularly in
those who walked with a single cane and no
walking device compared to those who needed a

standard walker and the crutches (p < 0:05;
Table 3). Furthermore, the amount of upper limb
loading was negatively correlated to lower limb
loading ability and the outcomes of 10MWT and
6MinWT (� ¼ �0:351–�0.493, p < 0:05; Table 4).

Discussion

With lower limb and mobility de¯cits, many am-
bulatory individuals with SCI need a walking de-
vice for their daily walking.1,6 However, our
¯ndings illustrated that approximately one third of
participants (31%) could progress their walking
ability, whereby some were even able to walk
without a walking device (Table 1). The ¯ndings
also indicated signi¯cant di®erences in upper limb
loading, lower limb loading ability, and walking
performance among the groups of optimal walking
ability, i.e., ability of walking with the least sup-
port or no device safely and con¯dently (p < 0:05;
Table 3). Moreover, the amount of upper limb
loading negatively correlated to the lower limb
loading and walking performance of the partici-
pants (� ¼ �0:351–�0.493; Table 4).

The ¯ndings were consistent with previous
reports that many ambulatory individuals with
SCI walked daily using a standard walker.1,6,20

However, after assessment of the optimal walking
ability, the majority of participants required a

Table 3. The upper limb loading while walking, lower limb loading ability during stepping of the other leg, and walking
performance tests of the participants.

Groups of optimal walking ability

Variable
All participants

(n ¼ 49)
Walker
(n ¼ 12)

Crutches
(n ¼ 14)

Cane
(n ¼ 19)

No
(n ¼ 4) p-Value

Loading ability (% of body weight)
Upper limb loading 22.44 31.26 24.63 18.80W 10.05W;Cr 0.002*

(14.32–30.62) (22.85–42.79) (15.06–32.35) (5.83–28.23) (2.15–14.99)
LLLA of the more-a®ected leg 83.24 78.72 85.42 90.16W 92.33W 0.001*

(77.76–85.28) (70.32–81.07) (65.58–90.72) (84.65–94.12) (87.24–96.77)
LLLA of the less-a®ected leg 84.72 77.28 88.07 89.24W 95.21 0.029*

(77.56–91.78) (70.55–85.55) (71.15–91.24) (85.74–91.98) (77.98–99.28)
Walking performance tests
The 10-m walk test (m/s) 0.49 0.29 0.32 0.70W;Cr 0.69W;Cr < 0:001*

(0.29–0.73) (0.22–0.42) (0.27–0.53) (0.50–0.86) (0.59–0.91)
The 6-min walk test (m) 118.22 77.31 97.05 130.20W 182.55W;Cr 0.003*

(75.56–142.80) (62.98–118.48) (69.75–153.25) (112–191.80) (153.60–216.68)

Notes: LLLA: Lower limb loading ability. The data are median and IQR. The superscripts designate the group(s) with signi¯cant
di®erences from the indicated group; here, W denotes walker and Cr denotes the Crutches. The p-value is from Kruskal–Wallis
test, and *indicates signi¯cant di®erence. Pairwise di®erences were compared using the Mann–Whitney U-test.

Table 4. Relationship between the amount of upper limb
loading, lower limb loading ability, and walking performance
tests.

Variable (n ¼ 49) � p-Value

Lower limb loading ability
during stepping of the other leg
Data of the more-a®ected side �0:420 0.003*
Data of the less-a®ected side �0:449 0.001*

Walking tests
The 10-m walk test �0:351 0.013*
The 6-min walk test �0:493 < 0:001*

Note: Here, � is Spearman's rank correlation coe±cient be-
tween the amount of upper limb loading during walking and
other variables. Also, *indicates signi¯cant di®erence.
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single cane (39%), followed by the crutches (29%)
and a standard walker (24%); four participants
were able to walk without a walking device (8%;
Table 1). This evidence was associated with the
data reported from a developed country26 wherein
most ambulatory individuals with SCI used
cane and crutches, while only a few participants
used a standard walker. Although walking with a
high-support walking device promotes safety and
con¯dence for the individuals through upper limb
involvement, such walking manners require high
attention7 and metabolic demands,8,9 limit limb
movements,10 introduce abnormal walking man-
ners,11 and also enhance the risk of musculoskeletal
problems in the upper extremities and back.12

Therefore, a strategy to promote walking ability,
i.e., minimizing use of the upper extremities while
walking, is needed.

The ¯ndings further suggest that participants
who could walk optimally with di®erent types of
walking device or without a walking device had
di®erent lower limb loading abilities and walking
performances, and thus they required di®erent
amounts of upper limb loading while walking
(p < 0:05; Table 3). Those who could walk opti-
mally with a single cane and without a walking
device needed an amount of upper limb loading less
than 19% of their body weight (Table 3), which
was clearly less than those needed for the ones who
required standard walker and crutches (approxi-
mately 31% and 25% of their body weights, re-
spectively; p < 0:01; Table 3). These ¯ndings are
associated with the lower limb loading ability data
that individuals who required a single cane and no
walking device had a lower limb loading ability of
more than 90% of their body weight (Table 3),
whereas those who needed standard walker and
crutches had the lower limb loading abilities of 78–
79% and 85–88% of their body weights, respec-
tively. The ¯ndings were associated with previous
reports2,3 that a single cane can support only 15–
20% of the individual's body weight. Therefore, it
is used in those with relatively good walking ability
to enhance the body base of support, self-con¯dence,
and tactile information during walking.2,3 Our ¯nd-
ings further indicated that individuals who could
optimally walk with a single cane and no device were
able to walk faster than 0.67m/s, which was sug-
gested as a threshold for the ability of walking
without a walking device27 and functional walking
(faster than 0.6m/s).1 Having good lower limb

loading ability also resulted in these individuals using
their energy e±ciently8,9; thus, they could complete a
signi¯cantly longer distance walk in 6 min than
those who needed walker and crutches (p < 0:01;
Table 3).

Furthermore, the upper limb contribution while
walking was negatively correlated to the lower limb
loading ability and walking performance (i.e., a
reduction in the amount of upper limb loading
associated with the increased lower limb loading
ability, walking speed, and distance covered in
6min; � ¼ �0:351–�0.493; Table 4). Previous
studies also reported that walking with high sup-
portive demand from the upper extremities could
confound the lower limb functions, make walking
cumbersome, and increase the energy expenditure
that could a®ect walking speed and distance cov-
ered.1,20,22,27 Thus, our ¯ndings suggested that
walking devices should be prescribed to those who
actually need them, along with a periodic follow-up
to monitor their walking alteration over time in
order to optimize their walking performance and
minimize possible negative impacts that could
occur due to long-lasting use of a walking device.
Hicks et al.28 also reported that an improved
walking ability is associated with increased life
satisfaction and physical functioning of the indi-
viduals. Our ¯ndings also suggest the use of a
ULLD and the upper limb loading as an alternative
measure for determining and the periodic follow-up
of optimal walking ability of ambulatory indivi-
duals with SCI in various clinical and home-based
settings.

Nevertheless, there are some limitations of the
study. With the major aim to capture those with
the potential of walking progression, the study
recruited only those who could walk independently
with a walking device. Such criteria resulted in
most participants requiring rather low amounts of
upper limb loading while walking (Table 3), in-
cluding those who used a standard walker, and no
clear di®erences between those who used a stan-
dard walker and the crutches (p > 0:05; Table 3).
In addition, the cross-sectional data cannot clearly
con¯rm the proportion of actual progression, ben-
e¯ts, and possible negative impacts after walking
progression, as well as the causal relationship be-
tween upper limb loading, lower limb loading, and
walking performance of the participants. There-
fore, a further prospective study with participants
having a wider range of walking abilities and data
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analysis on a cut-o® score for optimal walking
ability speci¯cally for individuals with SCI is
needed. In addition, information on how ULLD
facilitated the therapist to make the decision and
the agreement between patients classi¯ed solely
based on various ULL cut-o®s versus the patients
classi¯ed with therapist decision are also worthy to
be investigated.
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