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Trunk and glenohumeral joint adaptations to manual wheelchair propulsion over a

cross-slope: an exploratory study

ABSTRACT

Background: Cross-slopes are often encountered by manual wheelchair users propelling
within an urban setting. While propulsion over cross-slopes is more difficult than on level
surfaces, little is known about how the users counter the downhill turning tendency of the
wheelchair over cross-slopes. This study aimed to identify the adaptations of the manual
wheelchair users to the presence of cross-slopes and examine how these might impact

shoulder injury.

Methods: Nine manual wheelchair users propelled themselves across a cross-slope and over a
level surface. The trunk and glenohumeral joint kinematics, as well as the handrim contact

tangential force were compared between both conditions for the uphill and downhill limbs.

Findings: The uphill arm technique used to counter the downhill turning tendency varied
greatly in terms of potential injury risk and efficiency between participants. Trunk flexion
increased the turning tendency of the manual wheelchair, yet only one participant decreased
his flexion when rolling over the cross-slope. Various potential pathomecanisms related to the

trunk lateral flexion and the glenohumeral kinematics over a cross-slope were identified.

Interpretation: Both the uphill arm technique and trunk kinematics are important to propel
over a cross-slope both efficiently and safely. Accordingly, tips about posture and kinematics
are needed to teach this skill to manual wheelchair users. Additionally, as wheelchair
positioning seems to influence the cross-slope skill, more research is needed to explore the
impact of positioning devices (e.g., lateral supports) and wheelchair modifications (e.g.,

power assist wheels, handrim projections) on this skill.



Keywords: Wheelchair propulsion; Cross-slope; Glenohumeral joint; Trunk; Wheelchair

skills.
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INTRODUCTION

The quality of life and the health of manual wheelchair users (MWUSs) are associated with
their participation.! Pain and wheelchair skills are two frequently reported modifiable factors
that influence social participation.2# Within an urban setting, MWUs will frequently
encounter cross-slopes. Indeed, roads and sidewalks alike are slightly sloped to help water
drainage. As MWU s propel themselves over a cross-slope, their wheelchair will tend to turn
downhill due to the moment generated by the weight of the manual wheelchair and its user.®
While there is a consensus that cross-slope propulsion is more difficult than propulsion over a
level surface,® little information on its impact on the MWU can be found in the literature.5’
Brubaker et al. found that the presence of a 2° cross-slope roughly doubled the drag at similar
velocities, increasing the propulsion energy cost and oxygen consumption.® The propulsion
speed seems to decrease, particularly due to the decrease in the distance traveled per push.®
Peak handrim force, rate of loading, and axial moment measured for the downhill wheel were
reported to increase with the cross-slope angle.® On the other hand, the uphill wheel was
reported to have a negative mechanical power as it regulates the wheelchair trajectory.® As the
amplitude of handrim forces, the rate of loading and shoulder kinematics are correlated with
musculoskeletal injury,%-1? the increased asymmetry and biomechanical load®*3 observed for
cross-slope propulsion might increase musculoskeletal injury. Thus, this skill requires specific
training of the MWUs to insure a safe and efficient technique.* Nevertheless, we could not

find studies that gave recommendations about cross-slope propulsion technique.

The Wheelchair Skills Program!* (WSP) includes cross-slope propulsion as an individual skill
often encountered in the user’s environment. According to the WSP, MWUSs should keep their
weight off the caster wheels by leaning backward. To avoid the downward turning tendency,

they should push harder and/or more frequently on the downhill handrim. The WSP states that

the uphill hand can be solely used for braking in some cases.
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Considering these recommendations and the lack of studies evaluating the propulsion across a
cross-slope, we aimed to identify the adaptations of the MWUSs to the presence of a cross-
slope and then to discuss them in light of the WSP recommendations. A secondary objective
was to evaluate the potential additional risk of shoulder injury associated with cross-slope

propulsion.

METHODS

Study design

This is a cross-sectional exploratory study. The research protocol was approved by the Sainte-
Justine University Hospital Center Ethics Committee (MP-21-2020-2533). All participants

provided their written informed consent before the experimentation.

Participants

A sample of convenience was recruited from the Institut universitaire sur la réadaptation en
déficience physique de Montréal. Interested individuals were included in this study if they had
been using a manual wheelchair for mobility for 6 months to 8 years and were 20- to 40-year-
old active MWUs with no neurodegenerative disorders. We confirmed that the participants

had no history of shoulder pathology based on their self-report.

Experimental Setup

To track the trunk and the right upper limb, 38 reflective skin markers were used. Sixteen
additional markers were placed on the wheelchair frame (6) and rear wheels (2x5).
Kinematics were recorded using a motion capture system (Vicon Motion Systems, Oxford,
UK) at 250 Hz. Muscle activity was recorded using bipolar surface EMG electrodes (Delsys,
Natick, USA) for 11 muscles: deltoids (anterior, median, and posterior), trapezius (upper,
middle, and lower), serratus anterior, latissimus dorsi, pectoralis major (clavicular head),

biceps, and triceps (long and lateral). Additionally, for consenting participants, indwelling

5
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electrodes were inserted into the supraspinatus, infraspinatus, and subscapularis. EMG signals
were collected at 2000 Hz. Each participant’s wheelchair was fitted with a Smart*"® (Three

Rivers Holdings LLC, Mesa, USA) on its right side that measured handrim Kkinetics at 240 Hz.

Procedure

The participants first propelled their wheelchair at a comfortable speed over a level surface. A
wooden platform (4.5 m length, 1.2 m width) was used to simulate a 5° cross-slope. The
cross-slope angle was chosen based on the set-up used in the Wheelchair Skills Test.*® After
getting familiar with the set-up, the participants propelled themselves at a comfortable speed
in both directions (right arm on the downhill and uphill of the slope, Fig. 1). They were

instructed to maintain a straight-line trajectory. Each condition was repeated four times.

— Insert Figure 1 here —

Additional measures

The details of participants’ wheelchairs were logged, as well as the horizontal position of the
acromion with respect to the rear wheel axle. Shoulder pain was evaluated using the
WUSPI®*. Neer’s!” and Hawkins-Kennedy®8 tests were used to check for impingement.
Rotator cuff tears were assessed using an external rotation lag sign® and a Napoleon test?°.
Additionally, participants completed a Wheelchair Skills Test (WST)™. By interview and self-
reported forms, we recorded the daily activities of participants, their major mobility

limitations when using a wheelchair, as well as their opinion about cross-slope propulsion.

Analysis

The EMG raw signals were first processed using a fourth-order bandpass filter (20 to 500 Hz
and 600 Hz for intra-muscular), then full wave rectified. The envelopes were extracted using a
4 Hz low-pass filter, then normalized to recorded maximal voluntary contractions (MVC).

During the MV Cs, the participants increased their activation for 3 seconds before maintaining

6
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their MV C for 3 seconds under verbal encouragement. The MVCs were 1 min apart unless the
participant required more rest time. For all participants, trunk stability was ensured
throughout the MVC. The MVC trials?! are presented in Table 1. Muscles have been grouped
into three categories. The anterior group muscle included the anterior deltoid, the clavicular
head of the pectoralis major as well as the serratus anterior. The posterior group consisted of
the posterior deltoid, the latissimus dorsi and the trapezius (upper, middle and lower heads).

Finally, the rotator cuff encompassed the infraspinatus, supraspinatus and subscapularis.
— Insert Table 1 here —

An Opensim?? generic model? of the trunk and shoulder was scaled to each participant’s
anthropometry, then supplemented with a basic wheelchair model (frame and two rear
wheels). The glenohumeral joint was defined as a ball and socket joint. The joints and
wheelchair kinematics were calculated using a least-square inverse kinematics approach??.
The wheelchair trajectory over the cross-slope was calculated to evaluate how well the
participants complied with the instructions. The wheelchair velocity was calculated. The
handrim Kinetics were first corrected to cancel inaccuracies related to the wheel camber®*. The
tangential contact forces at the handrim were reported for the downhill and uphill cross-slope
propulsion. The trunk orientation with respect to the wheelchair was calculated, as well as the
distance between the wheelchair axle and the trunk and upper right-limb center of mass
(dcom—axte)- This distance represents the wheelchair rotation moment arm around the
instantaneous axis of rotation orthogonal to the cross-slope plane. Thus, the bigger the
distance, the larger the wheelchair downslope rotation tendency. To account for the difference
in wheelchair settings between the participants, the d oy —axie at the resting position was
subtracted from the dpp—ax1e during propulsion. The glenohumeral flexion, abduction and

axial rotation were also reported, as well as the elbow flexion. All were compared to their



98

99

100
101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

mean values over a level surface. All data analysis was done using Pandas®® and Numpy?®

Python libraries.

RESULTS

Nine MWUSs participated in this study (Table 2). All participants had spinal cord injuries of
grade A or B in the ASIA scale.?” All participants tested negative for impingement and rotator
cuff tears. They reported low levels of shoulder pain (<40%) present mostly during
wheelchair mobility. All tetraplegic participants used push cuffs. When asked in general about
obstacles in urban mobility, none of the participants explicitly spoke about cross-slopes.
However, when asked specifically about cross-slopes, P1, P4 and P6 mentioned no particular
difficulty, while the others found the skill demanding, with P3 describing it as uncomfortable.
To mitigate this difficulty, P2 and P7 mentioned switching the sidewalk side, while P9 stated
using bike paths when available. Despite the differences in self-reported exertion related to
cross-slopes, all participants were able to propel over a cross-slope during the WST, with
various success levels: P1, P6, and P9 had trouble maintaining their propulsion direction, P5
had disparate abilities depending on the direction, and P8 applied too much force as his caster
wheels lost contact with the ground intermittently. This variability is skill level was also
observed for the overall WST score. Finally, while having disparate wheelchair skills training,

no participant recalled having training specific for the cross-slope.
— Insert Table 2 here —

P5 could not complete all cross-slopes trials as he could not counter the turning tendency
sufficiently to keep his wheelchair from rolling off of the cross-slope. Additionally, his
latissimus dorsi and serratus anterior EMG data were removed as the sensors lost contact

intermittently due to severe lower limb spasms.
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Participants propelled their wheelchair slower over a cross-slope (Fig. 2). Their downhill arm
had a repeatable push and recovery cycle (Fig. 3). As for their uphill limb, participants’
techniques established a spectrum ranging from solely braking the wheel’s forward rotation
(negative forces as represented by P9) to alternating pushing and breaking the wheel (positive

and negative forces as shown for P8).

— Insert Figure 2 here —

— Insert Figure 3 here —

The increased flexion of the trunk increased the d¢op—axie (Fig. 4-A). Only P1 had a much
more extended trunk over the cross-slope. Whereas all participants showed a lateral trunk
flexion to keep their trunk vertical, despite some of them not achieving the same amplitude
for both sides (P3 and P5, Fig. 4-B). Participants adapted their glenohumeral kinematics
differently to the cross-slope, with an overall tendency to increase the glenohumeral extension
and adduction over the cross-slope, as well as the internal rotation for the downhill side

(Fig. 5). Overall, the EMG of the anterior group increased for the downhill side, while that of
the posterior group increased for the uphill one. Nevertheless, the normalized EMG level

remained overall below 60% of the maximal EMG (Fig. 6).

— Insert Figure 4 here —

— Insert Figure 5 here —

— Insert Figure 6 here —

DISCUSSION
This exploratory study aimed to identify the adaptations of MWUSs to a 5° cross-slope

propulsion. Indeed, while few studies investigated cross-slope propulsion, none have
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investigated explicitly the trunk and uphill arm adaptations. These adaptations are discussed

considering the WSP recommendations in the following sections.

Handrim kinetics and wheelchair trajectory

Similar to Sauret et al.,® the downhill wheel led the propulsion for all participants and the
uphill wheel was modulated to regulate the wheelchair trajectory. Due to the downward
turning tendency of the wheelchair, a user must push harder or more often on the downhill
wheel.** Participants’ approaches to achieve this asymmetry varied in efficiency. Here
efficiency refers to the extent to which the work produced by the uphill arm contributes to the
execution of the task (i.e., straight propulsion over the cross-slope). P8’s technique was the
least efficient, as he kept pushing the uphill wheel at each cycle, only to brake its rotation at
the “recovery” phase. P8’s higher handrim force input did not translate into a faster
propulsion, as his propulsion velocity was comparable to that of the other participants. It is
interesting to note that P8 already reported shoulder pain during mobility, after only 18
months of wheelchair use. Additionally, while he scored 80% on the WST because he
executed advanced skills, he rarely achieved perfect scores, likely relying on strength rather

than technique. This strategy might be related to the lack of formal wheelchair skills training.

P9 used his uphill arm to mainly brake the wheel. This technique is included in the WSP
tips.1* While it should enable the user to reduce energy expenditure to mitigate in part the
difficulty of a cross-slope,® it might be problematic for tetraplegics. Indeed, tetraplegics rely
on applying a large lateromedial force to compensate for their weaker grip.?® Using the
downhill arm solely for propulsion, and the upper one exclusively for braking, while applying
high enough lateromedial forces to maintain friction between the push-cuff and the handrim,
will increase the load on both limbs. As shoulder stability is compromised at high spinal cord
injuries, this load would increase the strain on stabilizing muscles. Tetraplegics’ difficulty to

generate sufficient lateromedial force was observed when P5’s arm slipped off the handrim

10
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(supplementary material). This suggests the need to assist tetraplegic users through alternative
strategies such as using bike paths when possible, as suggested by participants in this study.
Equipment modification (e.g., assistive wheels or projection handrims) should also be
investigated as a potential approach. Indeed, projection handrims would ensure control of the

wheel’s rotation without the necessity of relying on the lateromedial force.

Other participants had some uphill wheel pushes in the first half of the cross-slope. These
symmetric pushes might reduce the energy needed to ensure trunk stability against the load
transferred through the downhill arm.?® Additional research is needed to confirm this
assumption, and to evaluate the effect of downhill-push and uphill-brake technique on trunk

muscles’ activation levels.

Trunk kinematics

Reducing trunk flexion over a cross-slope brought the center of mass closer to the rear wheels'
axle, which would reduce the turning tendency of the wheelchair.® This is coherent with the
WSP recommendations.'* P1°s increased trunk extension might have been particularly
beneficial as her axle is set posteriorly to her acromion. As most participants’ axle was
anterior to their acromion, the turning moment arm was already somewhat smaller, which
probably eased most participants straight propulsion despite having a trunk flexion similar or
superior to that over a level surface. While trunk movement is suspected to contribute to
forward propulsion on a level surface,*® the reduced propulsion velocity and the turning
tendency over the cross-slope probably limit the benefit of such flexion. Additionally, as
MWUs who rely on their trunk flexion to push the handrim increase their flexion with

fatigue,®* they would struggle to keep their propulsion direction.

For stability, MWUs with motor trunk impairments rely on their latissimus dorsi to provide

postural control.32-3* They also sit in a kyphotic pose,® that leads to a more protracted

11
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scapula.®® When rolling over a cross-slope, the participants leaned laterally which would
induce a transient “scoliotic spine” curvature. This spine configuration decreases scapular
range of motion,®” and increases latissimus dorsi activation on the convex side (downhill
slope).3® As the scapula is already protracted, and its range of motion is limited by the induced
spine curvature, the upper limb kinematics during propulsion over a cross-slope would rely
mostly on the glenohumeral joint, disturbing the scapulohumeral rhythm and increasing the
load on scapulohumeral muscles to maintain glenohumeral stability. Additionally, we expect
the latissimus dorsi to particularly develop fatigue much faster over a cross-slope, as it would
be involved in the lateral spine adjustment, the postural stability, the humeral kinematics, as
well as the expiratory function of tetraplegics®® which also increases over a cross-slope.®
Wheelchair propulsion generates superiorly directed joint reaction forces.*® After the
latissimus dorsi and teres major, the infraspinatus and subscapularis are some of the major
contributors to superior stability*!, putting them at higher risk of fatigue when over a cross-
slope. On the other hand, compressive forces on the supraspinatus tendon through the humeral
head have already been linked to tendinous injury*?. Thus, the fatigue of the infraspinatus and

subscapularis would increase the risk of the supraspinatus tendon degradation.

As the right latissimus dorsi had a higher activation, for most participants, when on the uphill
side, the force necessary for the wheel braking was probably higher than for other functions.
From a glenohumeral stability point of view, this activation is appreciated as it would help
depress the humerus, reducing the risk of impingement. Indeed, MWUs should be encouraged
to actively retract and depress their scapula when braking the uphill wheel, to reduce the risk

of large glenohumeral joint reaction forces induced by the posterior deltoid activation.

Glenohumeral joint and muscle excitations adaptations
While each participant modified their glenohumeral kinematics differently over the cross-

slope, glenohumeral extension and adduction generally increased and internal rotation
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increased solely for the downhill side. Little can be found in the literature about the risk of
shoulder pathology at low elevation angles. For propulsion over a level surface, the humeral
head is anteriorly positioned throughout the propulsion cycle, with a low risk of
impingement.*3#* With the glenohumeral adaptations to the cross-slope, the anterior humeral
position might increase.*® The compression applied from the humeral head to the biceps long
head and supraspinatus tendon is also likely to increase.*? This is coherent with the
conclusions of Sakai et al.*® from MRI observations, relating supraspinatus tears to an upward
axial pressure applied by the humeral head. Additionally, the supraspinatus tendon
architecture allows for fascicles, separated by a lubricant, to move independently.*” This
property is probably important over the cross-slope due to the increased tendon excursion.*’
Yet, the larger compression would oppose the lubrication effect, increasing friction and,
consequently, the shear constraint between the fascicles. Such constraint is coherent with the
supraspinatus tears occurring at the intrasubstance or articular regions.*® Thus, cross-slope
propulsion might increase the anterior glenohumeral head instability and the load on the

supraspinatus tendon.

Similar to previous studies that reported no significant differences between level propulsion
and a 2.5% cross-slope for the anterior deltoid, the pectoralis major and the infraspinatus peak
and mean muscle activations**°, most participants of this study had comparable EMG levels
for the leveled and cross-slope propulsions. This lack of difference can be related to the
reduced propulsion velocity. Indeed, as participants were instructed to propel themselves at a
comfortable velocity, adjusting their velocity might have limited the need to increase their
muscle activation. On the other hand, comparing the muscle activation based on the right limb
position over the cross-slope, the anterior and posterior muscle groups tend to increase their
activation on the downhill and uphill side, respectively. This evolution is particularly visible

for the tetraplegic participants. This might highlight the additional burden associated with the
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limited control of the hand and elbow extensor muscles, as participants try to initiate or brake
the rotation of the wheel. Further studies are needed to understand the interaction between the

handrim contact forces and the shoulder activation patterns.

WSP and recommendations

Participants were heterogeneous in terms of wheelchair skills with WST scores going from
41% up to 89%. This heterogeneity might be related to how they acquired their skills, as they
had various amounts of training. Those with no to little formal training have probably self-
trained to acquire more complex skills. Particularly, for cross-slope propulsion, self-training
might explain why the participants adapted differently to the cross-slope. As some techniques
seemed to be less susceptible to lead to injury and more efficient than others, successfully
crossing the slope seems a far cry from simply passing the skill, highlighting the importance
of a training program. Given the differences between paraplegic and tetraplegic participants,
the training tips for these two groups might differ. Specifically, for those with paraplegia, the
existing training tips found in the WSP should be used to improve biomechanical efficiency
of this skill, even if the MWU has the strength to do it in a less efficient manner. Indeed,
while all paraplegic participants could successfully do a wheelie, none of them opted to propel
their wheelchair in a wheelie position over the cross-slope during the WST, despite this
technique being the only WSP tip that eliminates the wheelchair turning tendency. For those
with tetraplegia, given the additional strain necessary to push or brake the wheel, we
recommend providing education to raise awareness of the importance of trunk and
glenohumeral stability as well as the benefits of cross-slopes avoidance when possible to
minimize their negative impacts. Moreover, our work highlights the need to explore the
impact of positioning devices (e.g., lateral supports) and wheelchair modifications (e.g.,

power assist wheels, handrim projections) on this skill. Such results would help clinicians to
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weigh the impact of positioning devices and wheelchair modifications on other wheelchair

skills or daily-life activities.

As anterior stability is of concern, exercises to help the MWUs identify glenohumeral and
thoracohumeral motions are essential to improve the MWUSs proprioception so that they start
relying on their scapulothoracic muscles.® Particularly, adducting and depressing the scapula

should help reduce the strain on the glenohumeral joint.

When using a wheelie is not an option, care should be taken in choosing the technique to
achieve asymmetry between the downhill and uphill sides. While alternating pushing and
braking on the uphill handrim is probably the worst approach, clinicians should encourage
MWUs to try different ratios of push to brake, or different ratios of uphill to downhill push
frequencies to find the optimal configuration that would least disturb their trunk stability,

account for their strength limitations, and enable trajectory control.

Study Limitations

This study has some limitations. First, as the curvature of the trunk had an impact on the
upper limb, and since the adaptations of the trunk probably did not occur at the same spine
level, using more markers to track the spine would have given us better insight into trunk
adaptations. Secondly, EMG data could not be used to compare participants and should be
considered with care. Indeed, some of the muscles were not fully innervated. Thus, a higher
EMG does not necessarily equate with a higher muscle force. Testing muscle groups on an
isometric ergometer should complete the adaptation’s understanding, although it would make
for an even longer and more demanding data collection. Our sample of convenience included
nine spinal cord injury patients. Accordingly, our conclusions should be further confirmed
with a bigger sample size. Nevertheless, this study’s results would help guide hypothesis-

based future studies to shorten the duration of the data collection, while increasing the number
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of trials and participants. This study should be replicated for other populations such as
patients with stroke as they typically propel with one arm and one leg. It would also be
interesting to investigate the effect of the cross slope on the other components of the handrim
contact forces. As such study might help further understand the burden associated with cross-
slope propulsion on the tetraplegic population. Finally, while we measured handrim forces
and kinematics for both uphill and downhill sides, our setup was limited to the right limb. It
would be interesting to get a synchronous uphill and downhill analysis using experimental

data from both the left and right limbs.

CONCLUSIONS

Through this exploratory study, we presented a broader analysis of wheelchair propulsion
over a cross-slope, a functional and common task encountered in daily propulsion. The
analysis of this skill was done in light of the current clinical recommendations. Based on the
analysis of the participants’ uphill arm technique and trunk kinematics, we suggested potential
injury mechanisms linked to cross-slope propulsion that warrant further investigation and
validation. Our study hinted to the importance of wheelchair skills training programs that
incorporate condition-specific guidance on posture, kinematics, and muscle control as crucial
elements in cultivating a safe and effective technique. Finally, our results should help raise
clinicians’ and MWUs’ awareness to the importance of exploring wheelchair modifications

and positioning devices to reduce potential for injury.
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Fig. 2. Wheelchair velocity for each participant for both conditions: right arm on the uphill (blue) and downhill
(orange). The grey horizontal line and span within shows the median and interquartile range of the wheelchair

velocity during level surface propulsion. The time has been normalized with 0% the start of wheelchair motion
and 100% the stop of the motion, or when the wheelchair rotation was over 5° for participants that turned their
wheelchair downhill to stop. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Table 1: Participant’s position and applied resistance during each MVC.

POSITION

RESISTANCE

Seated with the arm flexed at 90°, elbow extended, and palm facing down.
Seated with the arm abducted at 90°, elbow extended, and palm facing down.
Prone with the arm horizontally abducted at 90° and the elbow flexed at 90°.
Seated with the arm flexed at 125° and the elbow extended.

Seated with the arm abducted at 30° and the elbow flexed at 90°.

Seated with the arm abducted at 90°, the elbow extended, the palm facing down,
and the neck bent to the arm side.

Prone with the arm at 90° horizontal abduction, the elbow extended and the thumb
pointing to the ceiling.

Prone with the arm horizontally flexed at 90° in line with the lower trapezius line of
action, the elbow extended and the thumb pointing to the ceiling.

Seated with the arm abducted at 90° and the elbow flexed at 90°.

Seated with the arms flexed at 90° and the elbows flexed so that the palms of both
hands are in contact.

Lying on the side with the arm at the side, the elbow extended and the palm facing
down.

Lying on the side with the arm at the side and the elbow at 90° flexion.

Prone, with the back of the hand in contact with the upper lumbar spine.

Seated, the arm at a neutral position and the elbow at 90° flexion with the forearm
in supination.

Seated, the arm 90° abducted, the elbow at 90° flexion

with the forearm in a neutral.

23

Resistance to arm flexion at the elbow.
Resistance to arm abduction at the elbow.

Resistance to horizontal abduction at the elbow

Resistance to arm flexion at both the elbow and the
inferior angle of the scapula.

Resistance to arm adduction at the elbow.

Resistance to arm abduction at both the head and the
elbow.

Resistance to horizontal abduction at the elbow.
Resistance to horizontal flexion at the elbow.
Resistance to arm adduction at the elbow.
Pressing hands together.

Resistance to arm abduction at the wrist.
Resistance to external rotation at the wrist.
Resistance to internal rotation at the wrist.
Resistance to elbow flexion at the wrist.

Resistance to elbow extension at the wrist.



2

Table 2. Demographics and characteristics of the participants P1 to P9

Months MWC
Participant Age Mass using Mass Injury WUSPI WST WST-CS MWC trainin
(sex) (years) (ko) the (kg) level [0-150] (%) [0-3] g
MWC g
P1 (f) 29 73 48 12.9 T10 19 60.22 2 No training
P2 (m) 34 67 72 135 C7 19.28 87.10 3 ~ 10 h of training
P3 (m) 28 70 48 22.2 C4-5 40 41.38 2 3-4 h of training
P4 (m) 40 72 12 14.4 T8 15 68.82 2 Two sessions a week for about a year
P5 (m) 24 68 41 16.5 C4-5 (C6-7) * 46.25 50.00 1 No training
P6 (m) 27 65 24 19.1 T3 24.65 75.27 2 Training every day for 3 months
P7 (m) 38 58 18 16.8 T11-12 62.5 88.89 3 Some average training
P8 (m) 29 80 18 15.1 T4 29 80.00 2 No training
P9 (m) 39 89 19 16.9 C6-7 26.25 47.78 2 Few average 15-min training sessions

32+ 713+ 333%
Mean = std 55 91 18.9 164 +2.7 33.8+14.3 66.61+16.61

Notes: WST-CS is the WST score for the cross-slope skill. Details about the WST and the WUSPI scoring can be found in supplementary material.
MWC training reports the answer of the participants when asked about their training during the interview. No training meant no formal training.
Abbreviation: f(emale), m(ale), MWC(manual wheelchair)

* The injury level assessment evolved from a C4-5 to C6-7 since the time of injury.
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Appendix A: WST and WUSPI scores

The WST includes multiple skills that are scored individually. Each skill is scored on capacity
from O to 3. Briefly, a score of three indicates an advanced pass, a score of 2 indicates that the
participant meets all evaluation criteria, but still has room for improvement. A score of 1 is
given when the subject completes the majority but not all the evaluation criteria of the given
skill. Finally, a score of O is given when the participant’s execution of the skill is incomplete,
unsafe, or if the participant is unwilling to try. A skill can be evaluated as “Not Possible” if
the wheelchair does not have all parts that would allow for a safe execution, or as “Testing
Error” if the evaluator is incapable of assessing the skill. Finally, the global WST score is
evaluated as a percentage of success in individual skills other than those scored as “Not

Possible” or as “Testing Error”. The formula is shown below:

Y individual skills scores
WST (%) = 100

(nskills — MNskills scored "Not possible" — Nskills scored "Testing Error") *

The WUSPI is a 15-item self-report measure of shoulder pain in wheelchair during functional
daily activities. The activities are grouped under four categories: transfers, wheelchair
mobility, self-care and general activities. For each activity, the participant evaluated their pain
between “no pain” (0) to “worst pain ever” (10). The sum of the individual activities’ scores is
the raw WUSPI score. To account for activities that were not applicable for certain
participants, a performance corrected score was obtained by dividing the raw WUSPI score by

the number of applicable activities then multiplying it by 15.
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