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Abstract

Background: Due to its clinically proven safety and health benefits, functional electrical stimulation (FES) cycling has become a popular exercise
modality for individuals with spinal cord injury (SCI). Since its inception in 2013, the Cybathlon championship has been a platform for publiciz-
ing the potential of FES cycling in rehabilitation and exercise for individuals with SCI. This study aimed to evaluate the contribution of the
Cybathlon championship to the literature on FES cycling for individuals with SCI 3 years pre and post the staging of the Cybathlon champion-
ship in 2016.

Methods: Web of Science, Scopus, ScienceDirect, IEEE Xplore, and Google Scholar databases were searched for relevant studies published
between January 2013 and July 2019. The quality of the included studies was objectively evaluated using the Downs and Black checklist.
Results: A total of 129 articles on FES cycling were retained for analysis. A total of 51 articles related to Cybathlon were reviewed, and 14
articles were ultimately evaluated for the quality. In 2017, the year following the Cybathlon championship, Web of Science cited 23 published
studies on the championship, which was almost 5-fold more than that in 2016 (n=>5). Training was most often reported as a topic of interest in
these studies, which mostly (76.7%) highlighted the training parameters of interest to participating teams in their effort to maximize their FES
cycling performance during the Cybathlon championship.

Conclusion: The present study indicates that the Cybathlon championship in 2016 contributed to the number of literature published in 2017 on
FES cycling for individuals with SCI. This finding may contribute to the lessons that can be learned from participation in the Cybathlon and
potentially provide additional insights into research in the field of race-based FES cycling.
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SCI can induce secondary medical complications,” including
heart disease and osteoporosis.”

Exercise among people with SCI is mostly limited to upper
body exercise.” To involve the lower limbs during exercise
among those with SCI, researchers often use functional electri-
cal stimulation (FES) as a therapeutic exercise tool.” FES is
applied over the skin surface of the muscles of the affected
limbs in order to artificially activate paralyzed muscles® and
produce functional movement.” FES can enable those with
SCI to perform different functional tasks such as grasping,'’
walking,'" standing,'' transferring,” cycling,'” and rowing."”
Because walking and sitting-to-standing accomplished with
the use of FES imposes the risk of falling in individuals with
SCIL " researchers and clinical practitioners have favored FES-

1. Introduction

Cycling is a popular exercise modality for both healthy
individuals and individuals with disabilities." However, many
individuals with disabilities experience limitations in their
cycling activities and restrictions in their participation, which
often results in difficulty in exercising and being physically
active. Individuals with neurological diseases such as spinal
cord injury (SCI) may experience paralysis and loss of body
function below the level of the injury.” Prolonged immobiliza-
tion due to muscle inactivity” and an inactive lifestyle” after
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evoked cycling as an exercise therapy due to its safety. During
FES-evoked cycling, electrical stimulation is applied to the
overlying key muscles to provide the force needed to pedal the
bike'® at the correct force-producing crank angle. The main
goal of FES cycling is to produce the highest possible force
that will maximize health benefits.' Additionally, FES-
evoked cycling provides individuals with SCI with an attrac-
tive therapy that promotes daily and leisure activities'’ and
opportunities for practicing sport.'®

To further promote the development of a suitable assistance
system for daily use among individuals with physical disabil-
ities,'”*" a platform called Cybathlon was introduced in 2013.
While the Paralympics only permit participants to use unpow-
ered assistive technology, the Cybathlon promotes the use of
powered assistive technology.'” The 1st Cybathlon champion-
ship was held in 2016 in Zurich, Switzerland, and featured 6
different disciplines, or races, including an FES bike race.”' In
the discipline of FES bike racing at the 2016 event, SCI partic-
ipants (as “pilots”) competed with each other to promote the
potential of technologies in contributing to exercise and fit-
ness.'® Participants cycled at maximum speed within a fixed
distance of 750 m for 8 min.””> They were not allowed to use
their hands to crank the bike forward; thus, the propelling
power could only come from their electrically stimulated leg
muscles. The participant who completed 5 laps around the
750 m track in the fastest time, or who covered the most dis-
tance within the shortest time, was declared the winner.>

FES-evoked cycling, however, has a major drawback. The
available literature indicates that FES-evoked cycling produ-
ces very low power and efficiency’” in individuals with SCI
when compared to healthy individuals. This is because of the
limited muscle endurance due to early onset of muscle fatigue
among SCl-affected individuals.”> Hence, optimization of
power production during FES-evoked cycling”® results in
increased fatigue resistance.”’ It has also been shown that
FES-evoked cycling requires a more complex motion, making
it difficult to stimulate the muscles accurately.”® Therefore,
optimal stimulation parameters’" and accurate electrode
placement overlying the key muscles are paramount if the
muscle response to stimulation is to be maximized.”® Conse-
quently, the teams participating in the Cybathlon 2016 focused
on their parameters of interest in order to improve their perfor-
mance during FES-evoked cycling and win the race. Such
parameters included the maximization of power; optimization
of stimulation parameters or control systems, which included
bike design and biomechanics; types of muscle stimulation
and electrodes used; training protocol; and improvement of
muscle strength or endurance.

To our knowledge, there has not been a bibliometric study
that evaluated the contribution of the Cybathlon to the litera-
ture of FES-evoked cycling in individuals with SCI. Therefore,
the purpose of this bibliometric review was to evaluate the
effects of the Cybathlon 2016 championship, in particular the
FES bike race category, on trends in the published literature
on FES-evoked cycling among SCl-affected individuals over
the 3 years pre and post the championship (i.e., 2013—2019).
Specifically, the current bibliometric review sought to (1)
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evaluate the publication trends related to FES-evoked cycling
before and after the Cybathlon, (2) evaluate the parameters of
interest used by teams participating in the Cybathlon, and (3)
assess the quality of the included studies. The current biblio-
metric study is important in that it identifies lessons that can
be learned from the staging of the Cybathlon. Our hypothesis
is that the Cybathlon contributed to changes in publication
trends related to FES-evoked cycling studies because the event
successfully generated substantial public interest, especially in
technology.”” Additionally, we hypothesize that the Cybathlon
contributed to the selection of parameters of interest that opti-
mized performance in FES-evoked cycling. Our findings may
serve as a reference for future rehabilitative cycling studies.

2. Methods
2.1. Literature search strategy

A literature search was performed using the following data-
bases: Web of Science (WoS), Scopus, ScienceDirect, IEEE
Xplore, and Google Scholar. The search identified studies with
findings published between January 2013 and July 2019. The
following search terms, keywords, and phrases were used:
“functional electrical stimulation”, “electrical stimulation”,
and “functional neuromuscular stimulation” in combination
with “cycling”, “spinal cord injury”, “paraplegic”, and
“paraplegia”. A further search was conducted using the follow-
ing search terms, keywords, and phrases: “cybathlon” in com-
bination with “power”, “optimization of stimulation
parameters”, “control system”, “muscles stimulation”,
“electrodes”, “training”, “joint angle”, “crank angle”, “muscle
strength”, and “muscle endurance”. Studies published in the
English language and those that met the other eligibility crite-
ria (see below) were retained for further analyses.

2.2. Eligibility criteria

Studies on FES-evoked cycling by individuals with SCI
published between January 2013 and July 2019 were included
in our review. The relevant keywords must have appeared in
the title or abstract of the articles. However, keywords that
were used in the title or abstract but that had a different mean-
ing from the one intended for our review were excluded. To
ensure accurate assessment of study quality, articles without
their full text available were excluded. Duplicate articles were
excluded, as were review articles and theses, because it was
likely that they lacked adequate data for accurate assessment
of study quality.

2.3. Data extraction from selected articles

An independent screening of the titles of studies potentially
eligible for inclusion in this review was conducted by 2 of the
review’s authors (PNFH and NAH). Only articles that mea-
sured outcomes of FES-evoked cycling among individuals
with SCI were retained and analyzed.

Three stages of review were conducted in order to answer 3
main questions. Stage I: were there any changes in trends in
the literature about FES-evoked cycling after the staging of the
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Fig. 1. Screening process for studies included in this bibliometric review. Stage I: trends in literature on functional electrical stimulation (FES)-evoked cycling published
after the Cybathlon. Stage II: features and parameters investigated in publications specifically related to the Cybathlon. Stage III: Cybathlon study quality assessment.

3.3. Trends in the publication of studies related to FES-evoked
cycling and the Cybathlon

Fig. 3 shows that 51 studies related to FES-evoked cycling
in the Cybathlon were cited in all databases (Fig. 1). After the
Cybathlon championship in 2016, WoS (rn =13), IEEE Xplore
(n=13), and Google Scholar (n=5) cited the highest number of
studies in 2017. Overall, the publication of studies cited in
Scopus and ScienceDirect increased after 2016. However, pub-
lications cited in WoS declined gradually after 2017.

3.4. Geographical distribution

The geographical distribution of publications has become
an interesting indicator of research productivity as it relates
to individual countries, regions, and institutions. Fig. 4
shows the geographical distribution of studies related to
FES-evoked cycling and the Cybathlon as identified in the
WoS and Scopus databases. Most of the publications cited
in WoS and Scopus originated from European countries
(34.6% and 35.0%, respectively). Of the articles cited in the
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Fig. 2. Trends in the publication of functional electrical stimulation-evoked cycling studies between January 2013 and July 2019.
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Fig. 3. Trends in the cited publication of studies related to functional electrical stimulation-evoked cycling and the Cybathlon.

WoS database (Fig. 4A), 19.2% were published in Asian
countries, and 15.4% were published in South American
countries.

Studies from the United States accounted for 11.5% of the
publications, as did Switzerland. Australia and England
accounted for 3.8% of the publications. Of the articles cited in
the Scopus database (Fig. 4B), the United States accounted for
20.0% of the publications, followed by Asian countries
(15.0%). South American countries accounted for 10.0% of

the publications, as did Australia. Switzerland and Serbia each
accounted for 5.0% of the publications.

3.5. Publication types

Supplementary Fig. 1 shows the frequency with which vari-
ous types of publications related to Cybathlon were cited in
WoS, Scopus, and IEEE Xplore. Articles were the type of pub-
lications most frequently cited in WoS (z=13) and Scopus
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(n=12). Magazine was the most frequently cited type of publi-
cation (n=2) in IEEE Xplore. Proceedings papers were cited
in WoS (n=2) and IEEE Xplore (n=1). The other types of
publications reported in the databases were book chapters, edi-
torial material, and reviews (n =1 each).

3.6. Parameters of interest in the literature on FES-evoked
cycling and the Cybathlon

Various parameters were the focus of the research covered
in this review. In an effort to maximize the potential of partici-
pants in FES-evoked cycling and win the race, the parameters
often were the main focus of the teams that participated in the
Cybathlon and included the maximization of power, optimiza-
tion of stimulation parameters or control systems, types of
muscle stimulation, and electrodes used for this purpose,
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training, and improvement of muscle strength or endurance.
Fig. 5 shows the number of publications in relation to the
parameters of interest published in studies of FES-evoked
cycling during the Cybathlon. The participating teams focused
most on training as the parameter of interest (76.7%), followed
by types of muscle stimulation and electrodes used (63.4%).
Articles focusing on maximizing power accounted for 57.8%
of the publications, while 41.8% of the publications focused
on optimizing muscle stimulation or control systems. Improv-
ing muscle strength or endurance was the least reported param-
eter (27.9%).

3.7. Methodological quality

The mean of the D&B assessment (Table 1) of the included
studies was 37.3% (range 20.0%—47.4%) and these were

76.7
63.4

27.9

Maximizing power
stimulation

parameters or

control system

Optimization of Types of muscles
stimulation and
electrodes used

Training Improving muscle
strength or

endurance

Parameters

Fig. 5. Parameters of interest identified in the reviewed studies and focused on by teams participating in functional electrical stimulation-evoked cycling in the

Cybathlon.



Contribution of Cybathlon to FES-cycling literature

adjudged to be poor. Thus, the reviewed studies were deemed
to be of low methodological quality.

None of the studies reported “actual probability value” (Crite-
rion 10), “intervention was representative of that in use in the
source population” (Criterion 13), “an attempt made to blind
study subjects to the intervention” (Criterion 14), “an attempt
made to blind the intervention outcomes” (Criterion 15), and
“sufficient power to detect a clinically important effect” (Crite-
rion 27). With the exception of reports from Guimaraes et al.*
and Sijobert et al.,” the studies did not report “adverse events
that may be a consequence of the intervention” (Criterion 8).
With the exception of work by Laubacher et al.* and Sijobert
et al.,”* the studies did not report “subjects randomized to inter-
vention groups” (Criterion 23), and with the exception of the
report from Laubacher et al,® the studies did not report
“randomized intervention assignment concealed from both
patients and health care staff until recruitment was completed”
(Criterion 24).

With the exception of work by Guimardes et al.,* the authors
were unable to determine whether “subjects asked to participate
in the study were representative of the entire population from
which they were recruited” (Criterion 11) and “those subjects
who were prepared to participate were representative of the
entire population from which they were recruited” (Criterion 12).
The authors of the studies were unable to determine whether
“losses of patients to follow up taken into account” (Criterion 26),
with the exception of Guimaraes et al.,”? Leung et al.,” and
Tong et al.,*® where the criterion was not applicable.

Criterion 7, “provide estimates of the random variability in the
data for the main outcomes” was not applicable to the studies,
except the work by McDaniel et al.”’ and Popovic-Maneski.*®
Criterion 18, “use appropriate statistical test to assess the main
outcomes” also was not applicable to the studies, except for those
from Sijobert et al.** and Popovic-Maneski et al.”® Criterion 21,
“the patients in different intervention groups (trials and cohort
studies) or cases and controls (case-control studies) recruited
from the same population” was not applicable to the studies,
except it was unable to be determined for Sijobert et al.”* and
Popovic-Maneski et al.”® Criterion 22, “study subjects in different
intervention groups (trials and cohort studies) or cases and con-
trols (case-control studies) recruited over the same period of
time” was not applicable to the studies, except for the work by
Popovic-Maneski et al.*®

4. Discussion

This bibliometric review demonstrated that 39.5% of the
total available FES-evoked cycling literature published
between January 2013 and July 2019 was related to the
Cybathlon (Fig. 1), and only 27.5% of the Cybathlon
studies were included in the study  quality
assessment.***>*3>"%2 The low number of the Cybathlon
studies included in the assessment of study quality was
because duplicate titles were removed from the search of the 5
databases. Based on D&B criteria checklist’' (Supplementary
Table 1), only open access, full-length articles and conference
proceedings were appropriate for the quality assessment. Other
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publication types, such as theses and review articles, provided
insufficient information (e.g., regarding external and internal
validity) and were thus inappropriate for quality assessment.

The present study sought to evaluate the publication trends
related to FES-evoked cycling in the 3 years before and after
the 1st Cybathlon championship in 2016. The largest number
of FES-evoked cycling studies were published in 2017, the
year following the Cybathlon championship (WoS, n=23)
(Fig. 2). Our review revealed that, in the WoS database, there
was an almost 5-fold increase in the number of cited studies in
2017 than in 2016 (r=5). The increase in publications in
2017 (Fig. 3) was because of the studies published from
the Cybathlon participating teams (r=13) in that
year,®%!1$:22:23.33737.39741 55 shown in the findings from the
present study (Table 1). Because the Cybathlon championship
encouraged the exchange of information among people with
disabilities, the general public, researchers, and developers of
equipment,® the blending of technology and clinical neurore-
habilitation science gained vast attention and thus contributed
to the increase in the number of studies.”* Our review also
revealed that the Cybathlon championship led to an increase in
the publication of studies related to FES-evoked cycling
shortly after the event, but not for an extended period after-
ward. Our results partially support our initial hypothesis that
the Cybathlon championship would contribute to an increase
in the publication of FES-evoked cycling studies. To our
knowledge, no studies have yet evaluated the contribution of
the Cybathlon to FES-evoked cycling studies.

The Cybathlon showcased the technologies available for the
promotion and enablement of exercise participation and fitness
training for individuals with disabilities.'® Our review revealed
that the Cybathlon studies mostly originated from European
countries (WoS=34.6%; Scopus=35.0%) (Fig. 4).'%*-%%
This may be due to the rapid development of technologies in
sport rehabilitation for individuals with SCI in European coun-
tries. It is important to note that most of the FES cycling devices
in rehabilitation industries around the world are imported from
European countries such as Germany and the Netherlands.
MOTOmed (Reck-Technik GmbH & Co. KG Medizintechnik,
Betzenweiler, Germany) and BerkelBike (BerkelBike BV, Sint-
Michielsgestel, the Netherlands) are the commercialized FES-
assisted cycling ergometers that are widely used in rehabilitation
industries.”> Our review revealed that Cybathlon studies were
conducted in many different locations, including Asian
countries,'®>3%* South American countries,'®* the United
States,”'®3” Switzerland,®'®*° Australia,'® England,23 and Ser-
bia.”* The wide geographical distribution of Cybathlon studies
indicates that FES-evoked cycling is well-researched throughout
the world and well-accepted among people with disabilities
across different cultures.” An event like the Cybathlon champi-
onship provides the opportunity for participating teams from
throughout the world to promote their own technologies and to
compete against other ones. Individuals with disabilities, rehabil-
itation industries, and researchers throughout the world can bene-
fit from the Cybathlon championship.

Our review established that articles, compared to other
types of publications (Supplementary Fig. 1), on the Cybathlon
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were more frequently cited in 3 of the 5 databases we searched.
The articles cited were authored by the participating teams in
2017%18:22:23:33735.37.39 414546 anq describe various aspects
of the race, including information on the pilots, stimulation
strategies, bike details, and training programs.’’ The other
types of publications, such as papers from proceedings,”***
book chapters,”” editorial material,” and reviews,"” were pub-
lished in similar quantities.

4.1. Parameters of interest among publications

The present review also sought to evaluate the parameters
of interest that teams participating in the Cybathlon used to
improve the efficiency of FES-evoked cycling. To our knowl-
edge, previous researchers have studied efforts to elicit maxi-
mum power during FES-evoked cycling to maximize the
efficiency of FES-evoked cycling."”’**** =" However, our
review revealed that teams participating in the Cybathlon
championship in 2016 also sought to elicit maximum effi-
ciency during FES-evoked cycling (Fig. 5). Most of the partici-
pating teams (76.7%) focused on training individuals with SCI
in preparation for the Cybathlon championship.'® This may be
because of the rule that required the Cybathlon participants to
cycle at high speed for a longer distance for longer duration.””
The training programs developed by the teams maximized the
time they spent producing maximum power.’” Therefore, sta-
mina and consistency of the participants during FES-evoked
cycling were paramount in winning the race. Our review
revealed that most of the participating teams (63.4%) also
focused on the types of muscles being stimulated and types of
electrodes used.”® This finding may be due to the difficulties in
accurately locating and stimulating the muscles needed for
FES-evoked cycling.”® To maximize the efficiency of FES-
evoked cycling during competition, more muscle groups
needed to be stimulated.*® The types and placement® of elec-
trodes used in individuals with SCI can affect the efficiency of
FES-evoked cycling. This was demonstrated by the winning
team, that is, team Cleveland,”” whose pilot was the only pilot
who used an implanted stimulation system during the race. All
the other teams used surface electrodes. The pilot’s cycling
pace was also consistent and smooth, thereby ensuring that
the muscles were used efficiently and effectively throughout
the race.

The present review revealed that in preparing for the
Cybathlon championship, most of the teams (57.8%) focused
on maximizing the power for FES-evoked cycling.”® Previous
researchers have reported that maximizing power production
in FES-evoked cycling is important for maximizing efficiency
as well.”’ Therefore, most of the participating teams focused
on maximizing power in order to win the race. Our review also
revealed that, instead of focusing on improving muscle
strength or endurance, most of the participating teams focused
on optimizing their stimulation parameters and control sys-
tems, including bike configuration and design.”” Our findings
in this area were not surprising; previous findings also showed
that optimization of the stimulation parameters maximize the
benefits from FES-evoked cycling” and minimize fatigue.”’

P.N.F. Hamdan et al.

Studies have reported that modulation of stimulation parame-
ters, such as frequency, current intensity, and pulse width,
affect the muscle response to stimulation”® and efficiency of
FES cycling.’' It has also been shown that adjusting the stimu-
lation parameters can optimize power during FES-evoked
cycling.’> The power produced during FES-evoked cycling
can be maximized, and muscle fatigue can be minimized, by
using a lower stimulation frequency (less than 50 Hz)>® and a
higher pulse width (350 ms).”” This strategy could be helpful
to the participating teams in their efforts to win the race.

While the bike’s mechanical design was not explicitly
reported on in the literature as a parameter of interest for win-
ning the race, we believe that this is also an important factor for
winning. Most of the participating teams reported that the train-
ing and “human” characteristics of the pilot were important, just
as the FES-related parameters were. A bike’s mechanical design
may well be a key factor in winning, and should be further
investigated. Ankle joint fixation, which was reported to have
influenced power production,’ may also be an important factor.
We observed that all bike pilots used a fixed ankle joint configu-
ration, which most likely optimized force transfer and con-
strained non-sagittal hip motion.”” However, further conclusions
cannot be drawn without comparisons with different ankle joint
configurations. Body inclination, power, and energy transfer
from the muscles to the wheels and propulsion, as well as the
overall bike weight and weight distribution, are all factors that
should be considered when asserting that bike design is a chief
contributing factor to winning the race.

4.2. Study quality

Our review also assessed the quality of the Cybathlon-
related publications identified in our search. The reviewed
studies were deemed to be of low methodological quality
(37.3%). The lower scores for methodological quality may be
due to the fact that many of the reviewed studies did not meet
certain criteria, it could not be determined whether they met
the criteria, and whether certain criteria were applicable to the
studies. Most of the reviewed studies reported on the technical
steps that their teams took in preparation for the Cybathlon
championship; thus, no statistical analysis was performed.
Only a few of the reviewed studies reported experimental out-
comes, and none of the studies reported actual probability val-
ues. Similarly, most studies reported that only 1 participant—
the Cybathlon FES “pilot”—was involved. Therefore, no ran-
domization of participants occurred, and no attempt was neces-
sary to be made to blind the study subjects to the intervention
in the studies we reviewed.

While these factors may seem critical for rating the quality
of the studies using D&B criteria, the reported outcome based
on the rating items are nonetheless encouraging where case
series or case studies are involved. Many descriptive and tech-
nological lessons can be learned from the reported studies,
especially as the lessons relate to pilot selection and training,
which has been underreported in race-based FES-evoked
cycling. This is one of the clear contributions of the Cybathlon
to the scientific literature.
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5. Conclusion

This review describes the contributions of the 2016 Cybath-
lon championship to the literature related to FES-evoked
cycling in individuals with SCI. Overall, our results may be
useful in the fields of rehabilitation sports and FES-evoked
cycling. The Cybathlon championship highlighted the poten-
tial of technology in exercise participation and fitness training
for individuals with disabilities. Despite the brief period during
which it contributed to the FES-evoked cycling literature, the
Cybathlon provided insight into the parameters of interest the
participating teams used in their efforts to maximize efficiency
in FES-evoked cycling. This study provides information and
lessons learned from the first Cybathlon that participating
teams may find useful in preparing for future Cybathlons or
similar championships. It is recommended that researchers
investigate the social outcomes (i.e., leisure activities, activi-
ties of daily living, social interaction, community engagement,
and quality of life) brought about by FES-evoked cycling and
preparation for the Cybathlon. The present study could also be
useful to researchers seeking to improve the performance of
individuals with SCI involved in FES-evoked cycling.
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