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EN.DUR.ANCE (noun) —
The power to withstand pain or hardships;

The ability or strength to continue despite fatigue, stress or adverse conditions.
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SUMMARY

Endurance exercise performance is mainly determined by peak oxygen uptake (VOapeak),
percentage of VOypeak Used at the anaerobic threshold and efficiency. Furthermore, a high
VO2peak increases tolerance for higher training volumes and reduces recovery times between
training sessions. However, there is lack of knowledge on how to assess endurance exercise
performance in sport-specific modes in athletes with disabilities competing in different
Paralympic sitting sports disciplines. For sitting Para cross-country skiers, Para biathletes and
Para ice hockey players, the upper-body poling mode (UBP) may be the most sport-specific.

Therefore, the main aim of the studies conducted in the course of this PhD was to
determine VOjpeak, the anaerobic threshold and efficiency in Paralympic sitting sports, with
emphasis on the influence of test mode and protocol on these factors.

Initially, a systematic literature review (Paper |) was conducted, including a meta-
analysis to investigate differences in VOapeak between Paralympic sitting sports and a pooled-
data analysis to investigate the effect of age, sex, body-mass, disability and test mode on
VOopeak. Thereafter, three experimental studies (Paper Il — IV) were conducted using the UBP
mode. In the three experimental studies, VOzpeak and efficiency were compared between the
UBP and the arm crank ergometry (ACE) mode (Paper Il), the test-retest reliability of
physiological parameters was investigated in the UBP mode (Paper Ill), and aerobic and
anaerobic thresholds were investigated in the UBP mode (Paper V).

The main findings were that differences in VOapeak values between Paralympic sitting
sports were fairly well reflected by the sport-specific demands and therefore, highest in sports
with continuously high physical efforts such as Para cross-country sit skiing. In wheelchair
athletes, being a man, not being tetraplegic or having an amputation compared to being
paraplegic and testing in the wheelchair ergometry or wheelchair treadmill mode compared
to the ACE mode was favourable for high VOapeak (Paper 1). VOzpeak did not differ between
restricted UBP and restricted ACE, whereas VOapeak Was lower in the paraplegic participants
compared to the able-bodied cross-country skiers. Furthermore, exercise efficiency was lower
in restricted UBP compared to restricted ACE (Paper I1). In the UBP mode, the relative test-
retest reliability of VO2peak during a 1-min, a 3-min and an incremental upper-body poling test

was high in able-bodied cross-country skiers. However, VOapeak Was significantly higher during



a 3-min closed-end and an open-end incremental test compared to a 1-min closed-end test
(Paper Ill). When testing Para ice hockey players in the UBP mode, the physiological outcome
parameters identified at the ventilatory threshold were significantly higher than the ones
identified with fixed methods at the first lactate threshold, even though both are used to
determine the aerobic threshold. In comparison, the outcome parameters at the respiratory
compensation threshold and the second lactate threshold, which both determine the
anaerobic threshold, and the ones identified at the ventilatory threshold were closely located.
Furthermore, continuous linear and curvilinear (i.e. no-breakpoint) models fitted the gas
exchange data of most Para ice hockey players during UBP better than breakpoint models
(Paper IV).

Overall, the findings of the studies conducted during this PhD show that participating
in endurance sports with continuously high movement demands, being a man, not being
tetraplegic or having an amputation, as well as testing in a wheelchair treadmill or wheelchair
ergometer mode are favourable for high absolute and body-mass VOypeak values. Movement
differences between UBP and ACE do not seem to have an impact on VOapeak When the upper-
body is restricted, but the discontinuous power production in UBP leads to lower efficiency.
Compared to able-bodied participants, spinal-cord injury related limitations negatively impact
on VOzpeak but not on efficiency in paraplegic participants. In UBP, both the 3-min and an
incremental test are reliable VOapeak tests. Furthermore, the ventilatory threshold and first
lactate threshold cannot be used interchangeably to identify the aerobic threshold. The close
location of the ventilatory threshold, the respiratory compensation threshold and the second
lactate threshold does not allow us to distinguish the aerobic and anaerobic threshold,
indicating the presence of only one threshold in athletes with a disability exercising in UBP. In
addition, it is questionable if clear breakpoints exist in the gas exchange data of athletes with

a disability during UBP.



SAMMENDRAG

En utholdenhetsprestasjon avhenger i hovedsak av et hgyt peak oksygen opptak (VOzpeak),
prosentandelen av VOapeak Ved anaerob terskel og arbeidsgkonomi. | tillegg vil en hgy VOzpeak
gke toleransen for store treningsmengder samt redusere restitusjonstid i mellom
treningspkter. Derimot er kunnskapen om hvordan man tester idretts-spesifikk utholdenhet
hos utgvere med ulike typer funksjonsnedsettelser og idretter begrenset. For sittende
langrennslgpere, sittende skiskyttere og Para hockey spillere er overkroppsstaking trolig den
mest idretts-spesifikke test-modaliteten.

Hovedmalsettingene med studiene som har blitt giennomfgrt i denne doktorgraden har
derfor vaert & undersgke VOazpeak, prosentandelen av VOajpeak ved anaerob terskel, og
arbeidspgkonomi i Paralympiske sittende idretter, med fokus pa a forsta test-modalitetens og
testprotokollens innvirkning pa disse faktorene.

En systematisk litteraturgjennomgang og Meta-analyse for @ undersgke om det er
forskjeller i VOzpeak mellom ulike sittende Paralympiske idretter ble giennomfgrt. | tillegg, ble
en Meta-regresjon benyttet for a se pa effekt av alder, kjgnn, kroppsvekt, funksjonsnedsettelse
og test-modalitet pd VOapeak (Paper 1). Deretter ble tre eksperimentelle studier med bruk av
overkroppsstaking som test-modalitet gjennomfgrt: 1) VOzpeak 0g arbeidsgkonomi under
overkroppsstaking og handsykling ble sammenlignet, 2) reliabilitet av fysiologiske variabler
under overkroppsstaking ble undersgkt, og 3) ulike mal for aerob og anaerob terskel under
overkroppsstaking ble sammenlignet (Paper Il — IV).

Hovedfunnene var at VOypeak i de forskjellige sittende Paralympiske idrettene
gjenspeiler de idretts-spesifikke kravene og er derfor hgyest i idretter med hgye
bevegelseskrav, som i langrennspigging. | idretter der utgvere konkurrerer i rullestol, er det a
vaere mann, ikke tetraplegiker eller & ha en amputasjon istedenfor paraplegi, og a teste pa en
rullestol-ergometer eller pa en rullestol-tredemglle sammenlignet med & teste pa en
handsykkel, gunstig for en hgy VOzpeak (Paper 1). VOzpeak var ikke forskjellig mellom
overkroppsstaking og handsykling, mens VOzpeak var lavere hos paraplegikere sammenlignet
med funksjonsfriske langrennsigpere. Videre var arbeidsgkonomien darligere under
overkroppsstaking sammenlignet med handsykling (Paper Il). Under overkroppsstaking hos

funksjonsfriske langrenns Igpere er test-retest reliabiliteten for VO2peak ved en 1-min, 3-min og
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en inkrementell test hgy. Derimot var VOzpeak under den 3-min og inkrementelle testen
signifikant hgyere sammenlignet med 1-min testen (Paper Ill). Nar Para hockey spillere ble
testet under overkroppsstaking, var prosentdelen av VOjpeak betydelig hgyere pa den
ventilatoriske terskelen sammenlignet med den fgrste laktat-terskelen. Videre var
prosentandel av VOjpeak pa respiratorisk kompensasjons terskel og pa andre laktatterskel
relativt lik den pa ventilatorisk terskel (Paper V).

Kort oppsummert, viser hovedfunnene av studiene gjennomfgrt i denne doktorgraden
at det er gunstig for en hgy VOapeak @ konkurrere i idretter med hgye kontinuerlige
bevegelseskrav, samt & vaere mann, ikke & vaere tetraplegiker eller @ ha en amputasjon, og a
teste pa rullestol-ergometer eller rullestol-tredemglle. Ulikheter i bevegelsen mellom
overkroppsstaking og handsykling resulterte ikke i forskjeller i VOzpeak, mens fysiologiske
begrensninger knyttet til en paraplegi fgrer til en lavere VOzpeak sSammenlignet med verdiene vi
finner hos funksjonsfriske langrennsutgverne. | tillegg var arbeidsgkomien darligere i
overkroppsstaking enn handsykling, noe som ikke var forskjellig mellom paraplegikere og
funksjonsfriske langrennsutgvere. Under overkroppsstaking er VOapeak reliabel bade i en 3-min
og en inkrementell test. | tillegg kan ventilatorisk terskel og fgrste laktatterskel ikke bli brukt
om hverandre for & identifisere aerob terskel. Ventilatorisk terskel, respiratorisk
kompensasjons terskel og andre laktatterskel er veldig lik, noe som kan indikere at én og ikke
to terskler eksisterer i utgvere med en funksjonsnedsettelse ndr de blir testet i en

overkroppsmodalitet.



ABBREVIATIONS

AB
ACE
AMP
AT
ANT
LT1

LT2

MR
PARA
Para
PO

RCT
RER
RPE
SCI
TETRA
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VE

VO3
VO2max
VO2peak
% of VO2peak
VCO»
VCO2peak
VT
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WTR

Able-bodied participants

Arm crank ergometry
Participants with an amputation
Aerobic threshold

Anaerobic threshold

First lactate threshold

Second lactate threshold
Metabolic rate

Participants with paraplegia
Paralympic

Power output

Respiratory compensation threshold
Respiratory exchange ratio
Rating of perceived exertion
Spinal cord injury

Participants with tetraplegia
Upper-body poling

Minute ventilation

Oxygen uptake

Maximal oxygen uptake

Peak oxygen uptake

Percentage of peak oxygen uptake
Carbon dioxide production

Peak carbon dioxide production
Ventilatory threshold
Wheelchair ergometry
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BACKGROUND

With its origin in the Stoke Mandeville Games in 1948, adaptive sports initially constituted an
effective means of augmenting rehabilitation outcomes for people with disabilities®. However,
being successful at the Paralympic Games of today requires top-level performance. The
Paralympic games are now the world’s second largest sporting event, with an increasing
number of sports disciplines competed in, participating nations and athletes. 4342 athletes
with 10 different eligible physical impairments from 159 nations participated in 23 summer
disciplines in Rio 2016 and 569 athletes from 49 countries in 6 winter disciplines in
Pyoengchang 20182. Of these, 16 of the summer sports and 5 of the winter sports disciplines
have at least one sitting class. Depending on the eligibility criteria of each sitting sports
discipline, athletes with impaired muscle power, impaired passive range of movement, limb
deficiency, leg length difference, hypertonia, ataxia and athetosis are allowed to compete®.
Along with advances in equipment and technology, improvement in physical performance has
led to increasingly smaller margins between winning a medal or not*. Depending on the sports
discipline, physical performance is determined by a different relative contribution of strength,

speed, flexibility, technique and endurance.

The endurance demands of the Paralympic sitting sport disciplines vary within a spectrum from
typical endurance sports requiring high aerobic energy delivery over sustained periods to those
performed with relatively low levels of displacement and corresponding low aerobic demands™
6 However, endurance is also important for athletes in sports with low levels of displacement
to be able to tolerate higher training volumes and reduce recovery time between training
sessions’. Endurance is most commonly tested in the arm crank ergometry mode (ACE) with a
variety of test protocols®13. However, knowledge is lacking on how to test endurance exercise
performance in some of the sport-specific modes in athletes with different disabilities

competing in different sitting sports disciplines.



Determinants of endurance exercise performance

In endurance sports, three factors mainly determine endurance exercise performance: 1)
maximal oxygen uptake (VOamax), 2) percentage of VOamax used at the anaerobic threshold
(ANT) and 3) efficiency'*'’. VO2max and the ANT are the main determinants of the oxygen
uptake (VOy) that can be sustained over a given period of time, also described as ‘performance
VO, by Joyner et al.'® 7 (Figure 1). The performance VO, and efficiency then determine the

speed or power that can be sustained over time.

[ Endurance exercise performance J

Efficiency

% >

[ Performance VO, (aerobic) ] [ Performance O, deficit (anaerobic) ]

»-

[ VO, pea ] [%ofvozpeakatANT]

Figure 1. Main physiological factors related to endurance exercise performance (modified from
Joyner et al.V’).
Peak oxygen uptake (VOzpeak), 0xygen uptake (VO3), oxygen (O>), anaerobic threshold (ANT)

VOzmax is an indicator of humans’ maximal ability to deliver and utilize energy aerobically during
dynamic exercise involving large muscle groups® *°. VOomax is determined by the variables that
define oxygen delivery in the Fick equation (VO = cardiac output (central factor) x arterial-
venous O, content difference (peripheral factor))?°. Cardiac output is equal to the stroke
volume times the heart rate (HR)?!. Oxygen extraction is measured by the difference in oxygen
saturation of blood going to the tissues in the arteries and blood returning to the heart in the
veins?!. However, when testing individuals with different disabilities in an upper-body mode,
VO2max is rarely reached due to testing with a limited amount of active muscle mass and due to
disability-specific limitations?226. Therefore, peak oxygen uptake (VO2peak), Which denotes the

highest oxygen uptake during exercise to voluntary exhaustion, is used instead?’.

Two physiological thresholds are commonly described in the literature (Figure 2): the aerobic

threshold (AT) and the anaerobic threshold (ANT). The AT separates low- from moderate-



intensity exercise and is determined by the ventilatory threshold (VT) or the first lactate
threshold (LT1)?%2°. The VT is determined by a breakpoint in the VO,-VCO, (V-slope method)?°
or VE/VOs-time relationship (ventilatory equivalent method)®°, and the LT1 by a fixed rise in
BLa above resting levels3® 32 or a breakpoint in the log-log transformed V0,-BLa data®. The
ANT separates moderate- from high-intensity exercise and is determined by the respiratory
compensation threshold (RCT)?° or the second lactate threshold (LT2)%. The ANT marks the
point beyond which any attempt of the body to maintain aerobic equilibrium fails, and fatigue
(often indicated by an exponential rise in blood lactate (BLa) concentration) starts to
increase®*. The RCT is determined by a breakpoint in the VE/VCO»-time (ventilatory equivalent
method)3° or VCO,-VE relationship?®, and the LT2 by the Dmax method® or a fixed Bla value of
4mmol-L13%, In contrast, it has been argued that the changes in gas exchange with increasing
work rate are continuous transitions where fatigue gradually accumulates rather than clear

breakpoints®’.

A
LOW ' MODERATE HIGH

c 1
Lo 1
8% !
[S - 1
c e 1

() 1
g -
o 8 '

Percentage of VO, eui
A\ 4 A 4
[Aerobic threshold (AT) ] [ Anaerobic threshold (ANT) ]
i SR |
Ventilatory Lactate threshold 1 Respiratory compensation Lactate threshold 2
threshold (VT) (LT2) threshold (RCT) (LT2)
J
V-slope Ventilatory First rise Log-log Ventilatory Respiratory D o Fixed
method equivalent in Bla transformed equivalent || compensation method || 4 mmol-L™"
method (+0.4/1.0 VOZ—BIa method point (RCP) Bla
(VENO,) || mmol-L) data (VE/VCO,)

Figure 2. Aerobic and anaerobic threshold determined by gas exchange thresholds (ventilatory
threshold and respiratory compensation threshold, respectively) and blood lactate thresholds
(lactate threshold 1 and 2, respectively) (modified from Binder et al.?®).

Peak oxygen uptake (VOzpear), minute ventilation (VE), oxygen uptake (VO;), blood lactate (BLa)



In exercise physiology, the overall definition of efficiency is the ratio of work produced to the
energy expended per time unit®®. Various definitions of efficiency — such as gross efficiency,
net efficiency and delta efficiency — have been used in studies investigating energy expenditure
in different forms of upper-body® 3% 40, lower-body**> and whole-body exercise*®. Gross
efficiency is the ratio of power output (PO) produced to the total metabolic rate (MR)*’. Gross
efficiency uses the entire human body as energy converting system without any form of
baseline subtraction3® 47, Net efficiency is the ratio of PO produced to the MR subtracted by
the resting MR*’. Delta efficiency is the ratio of delta PO produced to delta MR*’. In brief, the
challenges with net efficiency and delta efficiency, which are outlined more in detail by Ettema
and Lords (2009)*, concern the assumption that the processes related to the resting
metabolism are independent of the processes associated with producing work. In comparison,
gross-efficiency is a theoretically sound concept. However, it is affected by the diminishing
effect of the metabolism rate related to zero PO production with increasing PO*’. Therefore,
next to gross efficiency, the entire PO-MR relationship is used as a measure of exercise
efficiency in this thesis. In this relationship, both the offset (i.e., the interpolated MR at zero
PO) and the incline (i.e., the increase in MR to a given increase in PO) are interpreted as a
whole, which integrates the understanding gained from net efficiency, delta efficiency and

gross efficiency.

Upper-body-related physiological limitations

When testing individuals with different disabilities in an upper-body mode, differences in
physiological responses compared to the lower-body mode might be attributed to testing in
the upper-body mode itself as well as to disability-related physiological limitations. Even in
able-bodied participants (AB), VOapeak during upper-body exercise was 20-30 % lower
compared to lower-body exercise*® 0. This is related to a limited amount of active muscle mass
during upper-body exercise?®, possible restrictions to local muscle blood flow?® > > and high
levels of local muscle fatigue®?, which lead to the cardiorespiratory system not being fully
taxed. In line with this, several studies show that at a given submaximal PO, HR and BlLa are
higher in upper-body compared to lower-body exercise®® **. Furthermore, at a given
submaximal PO, VO2 (and with this MR) was shown to be higher in upper-body compared to

lower-body or whole-body exercise in some studies®*8, whereas in other studies that used a

4



more similar testing position, VO, was not different*® 5%5% Furthermore, at a given VO,, higher
HR and BLa were found during upper-body exercise compared to lower-body exercise®® >4, In
line with the generally higher physiological responses to upper-body exercise compared to
lower-body exercise at a given intensity, the percentage of peak oxygen uptake (% of VO2peak)
at the aerobic and anaerobic threshold was shown to occur at lower exercise intensities during

upper-body exercise® 6!, even though some studies also found a similar % of VO2peak®” .

Disability-related physiological limitations

Irrespective of the upper-body mode used during exercise testing, VOapeak Values were found
to be even lower in paraplegic participants (PARA) compared to AB 6> Depending on the
level of the spinal cord injury (SCI), the lower VOzpeak is likely related to a limited active muscle
mass during exercise testing??, lack of blood redistribution below the level of injury including
the splanchnic vascular bed in individuals with a SCl above Th6%4, and autonomic dysfunction
including disruption of sympathetic stimulation to the myocardium in individuals with SCI
above Th1% 7 Whereas the influence of a SCI on VOapeak is relatively well investigated,
knowledge on the influence of other common disabilities, such as an amputation, poliomyelitis
or spina bifida is scarce. One study found lower peak PO during an incremental test to
exhaustion in athletes with low and high SCI (below and above Th6, respectively) compared to
athletes with unilateral lower-limb amputations®®, which might arguably also reflect a
difference in VOgpeak. Additionally, another study found similar absolute VOazpeak in PARA
athletes compared to athletes with double, above knee amputations®. Furthermore, at a fixed
submaximal PO or the same % of VOypeak, @ higher HR was found in PARA compared to AB,
which compensates for the reduced stroke volume and leads to similar cardiac output®> 7°.
Furthermore, disability-related limitations do not seem to influence the AT, as it was shown to
occur at a higher % of VO2peak in PARA compared to AB’Y 72. Additionally, efficiency was also

higher in PARA compared to AB737>.

Upper-body test mode and protocol

ACE is the test mode most commonly used to assess endurance in persons who are primarily

able to use their upper-body during exercise® 3, such as Paralympic athletes. However, sport-



specificity of the test mode is of importance in reflecting VO2peak, percentage of VOzpeak used at
the anaerobic threshold and efficiency in the respective sport’®. In wheelchair athletes, the
wheelchair ergometry (WERG) or the wheelchair treadmill (WTR) mode may provide a more
sport-specific alternative compared to ACE mode. In Paralympic (Para) ice hockey players,
sitting Para cross-country skiers and sitting Para biathletes, the upper-body poling (UBP)
movement may be more sport-specific than the ACE mode. During WERG, WTR and UBP, the
synchronous movement of the hands allows more movement of the trunk compared to ACE,
where the asynchronous movement of the hands limits dynamic trunk involvement. A higher
VOzpeak Might, therefore, be expected in the WERG, WTR and UBP compared to the ACE mode
due to more active muscle mass. Some studies are in line with this and show higher values in
the WERG or WTR mode compared to the ACE mode’” 78, whereas others show no differences®
7881 Furthermore, whether VOzpeak differs between the UBP and ACE mode has not yet been

investigated.

In contrast to the lack of agreement on the presence or absence of differences in VO2peak
between modes, studies consistently show that the WERG or WTR is less efficient than the ACE
mode in wheelchair athletes, physically less active PARA as well as AB3% 49 81 This is likely
caused by higher coordinative demands of the discontinuous movement and by production of
power during a shorter portion of each cycle in the WERG and WTR modes®°. In line with this,
exercise efficiency is expected to be lower in the UBP compared to the ACE mode, even though

the size of the difference in exercise efficiency remains to be investigated.

Various test protocols have been used to determine VOzpeak in upper-body modes. The most
common test protocol comprises different incremental workload increases until voluntary
exhaustion®®7, Smith et al.®® found no differences in VOapeak between 6 watt/min and 12
watt/min increases during an incremental test in the ACE mode. However, in an UBP mode,
the influence of different increment durations and workload increases on VOzpeak has not yet
been investigated. Furthermore, a 3-min self-paced all-out test has been used to assess VO2peak
in ACE®® and UBP*® & No differences in VO2peak between the 3-min and the incremental test
were found in cyclists®. In addition, the ability to increase VO, more rapidly than during the 3-
min and the incremental test might be important in sports where high POs are produced over

short time. An example of such a sport is Para cross-country sit skiing, where hard work is

6



performed in the steep uphill terrain, with subsequent recovery in the downbhills. Therefore, it
might be of interest to investigate VOypeak in a test of shorter duration. However, in upper-body
exercise modes, including UBP, it has not yet been investigated whether VOpeak differs
between closed-ended tests of different duration and an incremental protocol. In addition, the
test-retest reliability of such test protocols needs to be established before meaningful

differences between athletes and repeated tests can be interpreted.

Various methods have been employed to identify the VT and LT1, which are used to determine
the AT, and the RCT and the LT2, which are used to determine the ANT?? 3L 3334 The
assumption that the VT corresponds with the LT1, and the RCT with the LT2, are based on the
initial studies by Beaver et al.?> 33 and Wassermann et al.3*°>%2_|n line with this, the VT and
the LT1 and the RCT and LT2 were shown to have high correlations in able-bodied participants
during running and cycling®®°*, whereas another study found low correlations during cycling®.
In an upper-body mode, studies that correlate gas exchange and Bla thresholds are missing,
but Ribeiro et al.°® found no significant differences between the VT and the LT1 in able-bodied
swimmers, whereas Leicht et al.®” found significant differences between the VT and LT1, but
no significant differences between the RCT and LT2 in tetraplegic participants (TETRA) and
PARA during exercise on the wheelchair treadmill. However, whether these gas exchange and
BLa threshold methods can be used interchangeably to determine the AT and ANT in athletes
with different disabilities in an upper-body exercise mode remains to be investigated. In
addition, it is not clear whether breakpoints or continuous transitions occur in the gas
exchange data in upper-body exercise. Therefore, it should be further looked into if a
breakpoint model compared to continuous linear or curvilinear (i.e. no-breakpoint) models
better fit the gas exchange data of athletes with different disabilities in an upper-body exercise

mode.



Aims

The overall aim of this thesis was to determine VO2peak, the anaerobic threshold and efficiency
in Paralympic sitting sports, with an emphasis on the influence of test mode and test protocol
on these factors. This was done by means of four main studies (a systematic literature review

and three experimental studies).

The aim of Paper | was to investigate between- and within-sports differences in VOzpeak.
Furthermore, the influence of the test mode and other determinants (sex, age, body-mass,
type of disability) on VOzpeak in Paralympic sitting sports was investigated.
Hypotheses: VOapeak Was expected to be highest in athletes who compete in sports with
continuously high movement demands and lowest in athletes with a tetraplegia.
Furthermore, in wheelchair athletes, VO2peak Was expected to be higher in the sport-
specific modes, i.e. in the wheelchair ergometry and wheelchair treadmill compared to

the arm crank ergometry mode.

The aim of Paper Il was to compare the VOzpeak and efficiency between upper-body poling and
arm crank ergometry in trained able-bodied and paraplegic participants.
Hypotheses: No differences in VOazpeak Were expected between modes, but higher
VO2peak Was expected in the able-bodied participants. Furthermore, higher efficiency

was expected in the arm crank ergometry mode.

The aim of Paper Ill was to investigate the reliability and peak physiological responses of a 1-
min and a 3-min closed-end as well as an incremental upper-body poling test.
Hypotheses: High test-retest reliability was expected in the 1-min, 3-min and
incremental test. Furthermore, no differences in VOzpeak Were expected between the

3-min and the incremental test.

The aim of Paper IV was to compare outcome parameters identified with different gas
exchange and blood lactate thresholds at the aerobic and the anaerobic threshold in

endurance trained Para ice hockey players with different disabilities during upper-body poling.



Furthermore, it was investigated whether breakpoint or continuous no-breakpoint models fit
the gas exchange data better.
Hypotheses: It was hypothesized that outcome parameters identified with gas
exchange and blood lactate threshold methods would differ at the aerobic threshold
but not at the anaerobic threshold. Furthermore, continuous no-breakpoint models

were expected to fit the gas exchange data better than breakpoint models.



METHODS

Overall design

To get an overview over VOapeak Values in all Paralympic sitting sports, a systematic literature
review and meta-analysis was performed (Paper |). Furthermore, the influence of other factors,
such as sex, age, body-mass, disability, test-mode on VOjpeak in Wheelchair athletes was
investigated with regression analyses. Sport-specificity is important for obtaining VOopeak, % of
VOzpeak Used at the anaerobic threshold and efficiency that are reflective of the endurance
capacity of the respective sport. In Para ice hockey players, sitting Para cross-country skiers
and Para biathletes, the upper-body poling (UBP) movement may be the most sport-specific.
Therefore, VOapeak and exercise efficiency were compared between UBP and ACE, which is the
most commonly used mode during upper-body exercise testing (Paper Il). Furthermore, the
test-retest reliability of VO2peak Was investigated during two closed-end and an incremental
UBP test (Paper Ill). Performance at the anaerobic threshold is important both during
competitions and in training. Therefore, it was investigated whether gas exchange and Bla
threshold methods can be used interchangeably to identify the AT and the ANT in Para ice
hockey players during upper-body poling. In addition, it was investigated whether breakpoint
compared to continuous no-breakpoint models fit the gas exchange data better (Paper IV).
Next to VOzpeak, the three experimental papers (Paper Il to IV) included submaximal data, which

allowed us to investigate efficiency across these papers (Figure 3).
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Figure 3. Overview over the four studies conducted in the course of this PhD.
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Participants

In the meta-analyses, the data of 771 athletes was analysed in Paper I. In the experimental
studies (Paper Il to V), 22 upper-body trained participants with a disability and 35 upper-body
trained AB partook (Table 1). The seven participants with a disability in Paper Il were PARA,
upper-body trained and participated in various sports. The 15 participants in Paper IV were
Para ice hockey players of the Norwegian national team and had all participated at national or
international competitions or both. The Para ice hockey players used UBP both during training
as well as regular testing. The AB participants were recreationally upper-body trained cross-
country skiers (N = 34) and a rower used to cross-country skiing (N = 1), and as such all used to
UBP. There was an overlap of one male participant with a disability for Paper Il and IV, and of
one male able-bodied participant for Paper Il and Ill. The PARA of Paper Il were recruited
through collaboration with the St. Olavs University Hospital in Trondheim. The Para ice hockey
players of Paper IV and the AB of Paper Il and Il were recruited through collaboration with the
Olympic centre of Mid-Norway. The studies were approved by the Regional Ethics Committee
for Medical and Health Research in Mid-Norway or the Norwegian Data Protection Authority
and conducted in accordance with the Declaration of Helsinki of 1964 and its later
amendments. All participants signed an informed consent form prior to testing, and were made

aware that they could withdraw from the study at any point without providing an explanation.

Table 1. Anthropometrics of the participants of the four papers included in this thesis. Age and
body mass are presented as mean * SE for Paper |, and as mean * SD for the three experimental
studies. Training hours per week are presented as mean + SD.

Sex Disability/ Number of  Age (years) Body mass  Training status
Able-bodied participants (kg) (hours/week)

Paper|* W  Disability 90
M Disability 669 30.6+0.8 65.7 £1.2 -
Paper I W  Paraplegia 1 40 65 6
W  Able-bodied 2 20.5+£0.7 64.3+11.3 13.5+35
M Paraplegia 6 31.8+11.2 759+£129 56+21
M Able-bodied 9 224+£26 78.1 £6.2 11.5 £3.2
Paper Il M Able-bodied 24 28.3+9.3 77.4 +£8.9 9.8+2.8
PaperlV. W  Disability 1 22 70 8.3
M Disability 14 27.4+£9.1 71.3 +8.3 11.8+4.4

* The sex of 12 athletes included in parts of the analyses of Paper | was not specified.
Women (W), men (M)
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Methods of Paper |
Paper |

PubMed, CINAHL, SPORTDiscus™ and EMBASE were systematically searched in October 2016
using relevant medical subject headings, keywords and a Boolean search string. Study titles
were first screened, after eligible abstracts and thereafter full-text articles were read. Studies
that assessed VOypeak Values in sitting sports athletes with a physical disability in a laboratory
setting were included. Data was extracted and analysed, and the quality of the included studies
was assessed with a modified version of the Downs and Black checklist®® by two independent
reviewers. A meta-analysis was performed in Microsoft Excel (Version 2010, Microsoft
Cooperation, The Microsoft Network, LLC, Richmond, USA) with the random-effects approach
of DerSimonian and Laird®® by pooling together studies that investigated athletes of the same
sports discipline. A random-effects model was chosen to allow the true effect size to differ
from study to study®. Participants of the studies included in Paper | in each sports discipline
were heterogeneous with regards to age, sex, type of disability and training status, which will
explain some of the variation in VOzpeak between studies. The alternative would have been to
use a fixed effects model, where one assumes that the variation of effect sizes between studies
can be explained by sampling error alone!®, The quality of the studies included for each sports
discipline was used to determine the level of evidence from unknown to strong®!. A meta-
regression was performed in Stata 14.2 (StataCorp LLC, Texas, USA) and a pooled-data multiple
regression was performed in SPSS 22.0 (Software for Windows, SPSS Inc., Chicago, IL, USA) to
investigate the effect of age, sex, body mass, disability and test mode on absolute and body-

mass normalized VOzpeak.
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Methods of Paper Il - IV

Test set-up

All testing was conducted in a sitting position in different modified seat constructions in front
of a Concept2 ski-ergometer (Concept2 Inc., Morrisville, Vermont, USA) in Paper Il — IV (Figure
4). Furthermore, a modified ACE made from a road-bike (White, XXL Sport & Villmark AS,
Norway) was employed in Paper Il. In Paper Il (Figure 4A and 4B) the upper-body was restricted,

whereas in Paper Il (Figure 4C) and in Paper IV (Figure 4D) the upper-body was unrestricted.

A B / {Aﬁ%

/
Figure 4. Test set-up of a modified weight-lifting bench with upper-body fixation with a chest-

rest in front of a modified arm crank ergometer (A) and the Concept2 ski-ergometer (B) used
in Paper I, a modified weight-lifting bench in front of the Concept2 ski-ergometer (C) used in
Paper lll, and of a Para ice hockey seat mounted on a platform in front of the Concept2 ski-
ergometer (D) used in Paper IV.
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Instruments and materials

In Paper Il — IV, PO in the UBP was measured per stroke with the ski-ergometer’s in-built
software, which was previously validated with force and velocity measurements using a force
cell (Noraxon USA inc., Scottsdal, AZ, USA) and the Oqus cameras of the Qualisys motion
capture system (Qualisys AB, Gothenburg, Sweden)*. In Paper I, the modified ACE was
attached to an electronical brake system for indoor cycling (CompuTrainer™, Racermate®, Inc,
Seattle, USA), which was previously found to be valid compared to a Lode ergometer'®, and
the in-built software (PerfPRO Studio®, Dynastream Innovations Inc., Canada) continuously
recorded PO.

Respiratory parameters were continuously measured using an Oxycon Pro ergospirometer
(Jaeger, Viasys BV, Bilthoven, the Netherlands) using a mixing chamber in Paper Il and in
breath-by-breath mode in Paper llI, as well as using a Metamax Il ergospirometer (CORTEX
Biophysik GmbH, Leipzig, Germany) in breath-by-breath mode in Paper V. The
ergospirometers were calibrated against a known mixture of gases (5% CO», 15% O, in Paper ||
and lll, and 4% CO;, 16% Oy in Paper IV) and a known airflow using an automatic calibration
procedure in Paper Il versus a manual calibration with a 3 L syringe in Paper lll and IV. Both,
measuring with a mixing chamber!©® and in breath-by-breath mode!®* under a VO, of 5 L'min
T were found to be reliable and valid methods for assessing respiratory parameters with the
Oxycon Pro ergospirometer. Measuring in breath-by-breath mode with the Oxycon Pro in
Paper lll was done to be able to additionally investigate VO, kinetics with high time resolution
and to be able to investigate the effect of different data processing methods on VOzpeak. In
comparison, the portable Metamax Il ergospirometer was used during the data collection of
Paper IV, which took place at the national Olympic centre in Oslo, where most of the Para
hockey players have their training base. The Metamax was previously shown to slightly
overestimate VO, by ~5% at high exercise intensities but showed acceptable reliability and
validity at lower exercise intensities'®. When testing in an upper-body mode, VO, even at
higher exercise intensities is considerably lower than when testing in a lower-body or whole-
body mode.

HR was continuously measured using a Polar M400 heart rate monitor and belt (Polar Electro
Inc., Port Washington, NY, USA) in Paper Il — IV. A 20 pL blood sample was taken directly after

the submaximal stages and 1 and 3 minutes after the peak tests and BLa was analysed using a

15



Biosen C-Line Sport lactate measurement system (EKF-diagnostic GmbH, Magdeburg,
Germany) for Paper Il and Ill, and a 5 pL blood sample was taken at the same instances and BLa
analysed with a Lactate Pro device (Arkray Inc., Japan) for Paper IV. The Biosen lactate
measurement system was shown to be reliable and valid as compared to the commonly used
Yellow Springs Instruments 2300 lactate analyser system'%¢. The Lactate Pro was shown to be

reliable and valid compared to the Yellow Springs Instruments 2300 lactate analyser system?%’.

Test protocols

The test protocols for Paper Il — IV were similar in that they contained four submaximal stages
at a rating of perceived exertion (RPE) of 9, 11, 13 and 15 and an incremental test to exhaustion
(Figure 5). Participants of Paper IV performed an extra submaximal stage at RPE 7. Participants
of Paper lll performed a 1-min and a 3-min all-out test in addition to the incremental test, with
counter-balanced order of the three tests.

Participants of Paper Il performed the four submaximal stages, incremental test and
verification stage in ACE and UBP on two different test days in a counter-balanced design with
a maximum of 4 days between test sessions. Participants of Paper Il performed the same four
submaximal stages and the three peak tests in the same individual random order a second time
4 + 3 days later. On test day 2, participants of Paper IV performed seven to eight 5-min stages
at increasing percentage of the peak PO of the incremental test of test day 1 (Figure 6). Strong
verbal encouragement was given during all closed-end all-out tests and the incremental tests

to exhaustion.

| RPE7 | |RPE9 | |RPE 11 |RPE 13] [RPE1S| ! | ; P
1-min 3-min Incremental Verification
test test test stage

Figure 5. The test protocols for Paper Il — IV contain four submaximal stages at RPE 9, 11, 13
and 15 and an incremental test to exhaustion (solid line). An extra submaximal stage at RPE 7
(Paper 1V), the 1-min and the 3-min all-out test (Paper Ill), and the verification stage (Paper I,
IV) were only part of one or two of the three papers (dotted lines).
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5-min stages at increasing % of peak PO until exhaustion

Figure 6. Seven to eight 5-min stages at increasing % of peak power output (PO) on the second
test day of Paper IV.

Data processing and statistics

Data processing

Paper I1-1V. The data processing of the three original papers was performed in Microsoft Excel
(Version 2010, Microsoft Cooperation, The Microsoft Network, LLC, Richmond, USA) and
MATLAB 8.1.0. (R2016a; Mathworks Inc., Natick, MA). For Paper Il, MR was calculated from
VO, and respiratory exchange ratio (RER) using a standard conversion table!®®. MR was then
interpolated at a fixed PO of 40, 60 and 80 W to investigate gross efficiency and the entire PO-
MR relationship was used to investigate exercise efficiency. For Paper Ill, the breath-by-breath
data was interpolated at individually fitted sample frequencies and resampled at 1-s intervals.
The single highest 30-s moving average of each test was then defined as the VOapeak in
accordance with Robergs et al.1%. For Paper IV, two regression lines were fitted on the VO»-
VCO0,2° and VE/VO; data®® to determine the VT, and on the VC0O,-VE?® and VE/VCO,% data to
determine the RCT. The LT1 was determined by the first rise in BLa of 0.4 mmol-L* and 1.0
mmol-L13%32 and a breakpoint in the log-log transformed VO,-BLa data®3, and the LT2 by a fixed
BLa concentration of 4 mmol-L ™3¢ and by employing the modified Dmax method3? 3>, PO, VO,
HR, BLa and RPE were interpolated at each threshold. For comparing efficiency in Paper 11 -1V,
MR was calculated from VO, and RER'8, and the PO-MR relationship was used to investigate

exercise efficiency in each exercise mode and group.
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Statistics

The statistics of Paper Il to IV were performed in Microsoft Excel (Version 2010, Microsoft
Cooperation, The Microsoft Network, LLC, Richmond, USA) and SPSS 22.0 (Software for
Windows, SPSS Inc., Chicago, IL, USA). For all statistical tests an alpha level of 0.05 was used to

indicate statistical significance.

Paper Il. A linear mixed model with fixed coefficients and random intercept was employed to
investigate the effect of exercise mode, group and intensity on PO, physiological and
perceptual parameters during the submaximal stages and the incremental test. The same
model was used to investigate the effect of exercise mode and group on exercise efficiency.
The linear mixed model investigates the effect of each one of three factors (exercise mode,
group and intensity), while adjusting for the effect of the two other factors. There is no
consensus on whether to present the actual means or use the estimated marginal means*©.
Since p values are calculated on the basis of the estimated marginal means, to present the

estimated marginal means in the results section was considered more consistent.

Paper lll. Paired-samples T-tests were used to compare PO, the physiological and perceptual
outcome parameters between the 1-min and 3-min closed-end and the open-end incremental
test to exhaustion. Absolute reliability. Absolute reliability was assessed by the standard error
of measurement (SEM) and the smallest detectable change (SDC). The SEM was calculated as
SDgife/V211, and the 80% and 95% SDC as SEM-1.28-V2 and SEM-1.96-V2, respectively!?,
Relative reliability. Intraclass correlation coefficients (ICC1,1, ICC2,1, and ICC31) were calculated
as a measure of relative reliability!3. In addition to using the 80% SDC as a measure of absolute
reliability and the ICC,,1 as a measure of relative reliability in Paper I, 95% SDC and the ICCy1,1
and ICCs1 were calculated in this thesis. Whereas the ICCy,1 allows the error to be partitioned
between systematic and random error, systematic and random error are treated together in
the calculations of the ICC1,1 and variance associated with systematic error is not included in
the ICC3,1'3. Accordingly, the ICC1,1and ICC31 and ICCy,1 are similar if the systematic error is
small'®. Ranges of 0.26-0.49, 0.50-0.69, 0.70-0.89 and 0.90-1.0 were classified as low,

moderate, high and very high ICC according to Munro’s criteria 14,
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Paper IV. In the submitted version of Paper IV and the main results presented in this thesis,
paired-samples T-tests were used to compare outcome parameters identified with the
different methods within the VT, RCT, LT1, and LT2, and between all four different thresholds.
Furthermore, in this thesis, a repeated-measures ANOVA was conducted followed by post hoc
test with a Bonferroni correction to compare the % of VOapeak identified with the different
threshold methods. Pearson’s r was used to investigate whether the different methods used
within the VT, RCT, LT1, and LT2, and between all four different thresholds correlate. To
investigate whether a breakpoint model or continuous linear and curvilinear (i.e. no-
breakpoint) models fit the gas exchange data better, two regression lines (equation 1) versus
a single linear regression line (equation 2), an exponential curve (equation 3), and a 3" order

polynomial curve (equation 4) were fitted on the data by linear least squares fitting.

_{a1+b1x, t<k (1)
“lay + by x, t>k

y=a +bx (2)

+
y=a+c-exp<xdg) (3)

y=a +b;x+b,x?+ by x> (4)

y is the variable of interest, a the offset on the y-axis, b the slope coefficients, ¢ and d the
spreading coefficients, g the offset on the x-axis and k the point where the first and the second

regression line of the piecewise function cross.

To compare the fit of the four models, the Akaike information criterion (AIC) (equation 5)1°

and the Akaike weights (w;) (equation 7) for each model i relative to the set of R candidate

models were calculated based on the delta AIC (Aj) (equation 6)116 117,

SS
AIC=n-log( n”)+2-1< (5)
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Delta AIC = Aj= AIC; — AlCyreq (6)

AIC weight = w; = ——————— (7)
nis the number of data points, SSer the error sums of squares, and K the number of parameters
+1 of each model. Our rationale was that a better fit of the two regression lines (breakpoint

model) compared to the single regression line, exponential or 3 order polynomial curve

(continuous no-breakpoint models) would indicate breakpoint presence.
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RESULTS
Paper | = VOgzpeak in Paralympic sitting sports disciplines

Included in this systematic literature review were 57 studies that provided absolute and body-
mass normalized VOzpeak Values in 771 athletes in 14 different sitting sports. Mean absolute
and body-mass normalized VOzpeak + standard error (SE) of the sports disciplines ranged from
2.9+ 0.3 L'mintand 45.6 + 5.1 ml-kg>min"t in Nordic sit skiing to 1.4 + 0.2-L-mint and 17.3
3.5ml-kg™mintin shootingand 1.3+ 0.1 and 18.9 + 1.6 in wheelchair rugby (Figure 7). Within-
sports variations in absolute and body-mass normalized VOzpeak Values, based on Cl ranges,
were relatively small in wheelchair basketball (0.4 L'mintand 7.2 mL-kg*min™), wheelchair
racing (0.6 L'min"tand 7.4 mL-kg>min!) and wheelchair rugby (0.4 L'min"tand 6.1 mL-kg*-min

1), but above 0.6 L'min"t and 7.5 mL-kg™>-min* for the remaining sport disciplines.

A
Nordic sit skiing (NS ———— WB, AS, WT, WRA, WF, WTT, SH, WRU

Handcycling (HC O AS,WT,WRA, WF, WTT, SH, WRU

)
Paraice hocke\/ (PlH) O S WT,WRA WF, WTT, SH, WRU
)
Wheelchair basketball (WB) @ NS ASWT, WRA, WF, WIT, SH, WRU

Alpine sit skiing (AS) ——O——— NS, PIH, HC, WTT, SH, WRU
Wheelchair tennis (WT) @1 NS, PIH, HC, WTT, SH, WRU
Wheelchair racing (WRA) —@—— NS PIH,HC, WB, WTT, SH, WRU
Wheelchair fencing (WF) ' | NS, PIH, HC, SH, WRU
Wheelchair table tennis (WTT) ' | NS, PIH, HC, WB
Shooting (SH) o NS,PIH, HC, WB, AS, WT, WF, WRA
Wheelchair rugby (WRU) @ NS, PIH, HC, WB, AS, WT, WF, WRA, WTT

0.00 050 100 150 2.00 250 3.00 3.50 4.00
Absolute VO, (L:min)

Figure 7. Overview of absolute (A) and body-mass normalized (B) peak oxygen uptake (VO2peak)
(mean = 95% Cl based on SE) within each of the sitting sports disciplines. Sports disciplines are
presented in order of absolute VOjpeak Values, from high to low. Sample size is indicated by the
size of the dots. Black dots are sports disciplines with a strong level of evidence whereas grey
dots denote sports disciplines with a limited or moderate level of evidence. Labels in
superscript indicate significant differences to the respective sports discipline.

Note: several factors such as sex, age, body mass, disability, training status and test modes are
grouped together in this overview table. Data of athletes with tetraplegia was excluded from
the calculations of all sports discipline means except for wheelchair rugby.
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Nordic sit skiing (NS) ————0————{  HC, WB, AS, WT, WRA, WF, WTT, SH, WRU
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Figure 7 (continued). Please see figure legend of Figure 7.

The multiple regression analyses, based on 22 studies which provided individual data of 169
athletes in 4 different sports disciplines (wheelchair basketball, wheelchair racing, wheelchair
tennis and wheelchair rugby), resulted in the following two equations as the best predictions

of absolute (I) and body-mass normalized (1) VOzpeak Values.

Absolute VO2peak = 1.22 + body mass;- 0.02 [0.25] + female;- -0.62 [-0.25] + TETRA; - -
1.09 [-0.63] + AMP;- 0.29 [0.10] + WERG;- 0.36 [0.24] + WTR;- 0.32 [0.20]
(Fe,262 = 52.52, p = 0.00) (1)

Body-mass normalized VOzpeak = 49.11 + body mass;- -0.24 [-0.26] + female;- -9.79 [-
0.24] + TETRA;- -16.52 [-0.62] + AMP;- 5.38 [0.12] + WERG;- 5.71 [0.27] + WTR;- 4.54
[0.18]

(Fs162=52.50, p = 0.00) ()
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Paper Il - Comparison of VO2peak and exercise efficiency between upper-body poling and
arm crank ergometry

VO2peak did not significantly differ between restricted UBP and restricted ACE (both groups
pooled: 35.9 + 7.8 vs 37.3 + 7.0 mL-kg**min!, p = 0.112), although peak PO was 19% lower in
restricted UBP (both groups pooled: 118 + 34 vs 145 + 33 watt, p <0.001). MR was ~24% higher
in restricted UBP compared to restricted ACE (p < 0.001), i.e. exercise efficiency was lower in
UBP (Figure 8A). In line with this, gross efficiency was lower in UBP (10.4 £ 0.9, 11.4 + 0.8 and
12.0 £ 0.9%) compared to ACE (12.9 + 1.8, 14.0 £ 1.8 and 14.7 + 1.9%) at 40, 60 and 80 watt.
PARA had 22% lower VOjpeak compared to AB (both exercise modes pooled: 31.5 + 6.4 vs 39.7
+ 6.6 mL-kgmin, p = 0.007). However, there were no significant differences in exercise

efficiency and gross efficiency between PARA and AB (p = 0.323 and p > 0.489) (Figure 8B, 8C).
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Paper lll - Test-retest reliability of physiological parameters during upper-body poling

Comparison of the 1-min, the 3-min and the incremental test

Based on the average values of test day 1 and 2, the incremental (196 + 28 watt, 45.4 + 5.5
mL-kgtmin, 169 + 12 beats'min?, 11.7 + 2.3 mmol-L'!) and the 3-min test (201 + 36 watt,
445 + 55 mL-kgtmin?, 169 + 12 beats'min™, 11.7 + 2.0 mmol-L?) resulted in significantly
lower peak PO, higher VOzpeak, higher peak HR and higher peak BLa compared to the 1-min test
(256 + 47 watt, 40.4 + 5.0 mL-kg-min™, 166 * 12 beats-min™, 10.9 + 2.2 mmol-L) (all p <
0.001) (Figure 9). Additionally, the incremental test resulted in significantly higher VOzpeak
compared to the 3-min test (p = 0.03).
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Figure 9. Peak power output (A), peak physiological parameters (C — D) of test day 1 and 2 in
22 cross-country skiers performing a 1-min and 3-min closed-end and an incremental upper-
body poling test to exhaustion. Blank bars demark test day 1 and dotted bars test day 2.

* Significant differences between test day 1 and 2 at an alpha level of 0.05

¥ Significant differences between the 1-min, 3min and incremental test at an alpha level of 0.05
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Absolute and relative reliability

Irrespective of the type of ICC used, high and very high ICCs across all physiological outcome
parameters and peak PO were found for the 1-min, the 3-min and the incremental test (Table
2). In all three tests, the 80% SDC was consistently small for HRpeak (1-min: 4%, 3-min: 4%,
incremental: 3%), moderate for body-mass normalized VOpeak (1-min: 5%, 3-min: 6%,
incremental: 7%) as well as peak PO (1-min: 8%, 3-min: 9%, incremental: 6%) and large for peak
BLa (1-min: 20%, 3-min: 12%, incremental: 22%). Higher differences between tests would have

to be present to accept a true difference if the 95% SDC is employed.
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Paper IV — Gas exchange and blood lactate thresholds in Paralympic athletes during upper-
body poling

At the aerobic threshold, all outcome parameters identified with breakpoints in the VO,-VCO;
or VE/VOa-time relationship at the VT were higher than the ones identified with a fixed increase
in BLa of 0.4 or 1.0 mmol-L't at LT1 (all p < 0.001). At the anaerobic threshold, the outcome
parameters identified with breakpoints in the VCO»-VE relationship at the RCT and with the
modified Dmax method at the LT2 were higher compared to parameters identified with the fixed
Bla value of 4 mmol-L ™ at the LT2 (all p < 0.03) (Figure 10). When using Bonferroni corrections,
there were no significant differences between the VO,-VCO,, VE/VO;, and log-log transformed
VO;-BLa method used to determine the aerobic threshold and the VE/VCO,, VCO2-VE and Dmax

method used to determine the anaerobic threshold (all p > 0.08) (Figure 10).
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Figure 10. Percentage of peak oxygen uptake (% of VOapeak) identified with different methods
at the ventilatory threshold, the lactate threshold 1, the respiratory compensation threshold
and the lactate threshold 2. The first column for each method indicates significant differences
to the other methods at an alpha level of 0.05 (indicated by pattern-filled squares) after using
Bonferroni corrections. The second column for each method indicates significant correlations
with the other methods at an alpha level of 0.05 (green: moderate correlation, yellow: high
correlation, orange: very high correlation).

Ventilatory threshold (VT), first lactate threshold (LT1), respiratory compensation threshold
(RCT), second lactate threshold (LT2)
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All methods used to determine thresholds in the gas exchange data are based on identifying a
breakpoint. To investigate whether clear breakpoints exist in the gas exchange data, the fit of
atwo regression line (i.e. breakpoint) model was compared to continuous linear and curvilinear
(i.e. no-breakpoint) models. The determination of the VT and RCT with breakpoint models was
possible with good fit in all 15 participants (all R2> 0.931). However, the 3" order polynomial
(continuous no-breakpoint model) fit the data of 10 athletes better than the breakpoint model
for both the VO,-VCO,; (VT) (Figure 11) as well as the VCO,-VE relationship (RCT) (Figure 12).
This corresponds with 71 and 69% probability that continuous no-breakpoint models fit the
V0O,-VCO; and VCO,-VE relationship better compared to the breakpoint model. In comparison,
the breakpoint model fit the VE/VO, (VT) and the VE/VCO, data (RCT) better in 6 and 7
participants compared to continuous no-breakpoint models. This corresponds with 41 and 47%
probability for the breakpoint model to fit the data better than continuous no-breakpoint

models.
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Figure 11. Exemplary VO,-VCO;
plots fitted with a bilinear
regression line and a 3" order
polynomial curve for an athlete
without breakpoint (plots to the
left) and with suggested
breakpoint presence (plots to
the right). (Note that the plots of
all five athletes with a suggested
breakpoint also show a rather
linear increase in the VO,-VCO;
relationship.)
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Figure 12. Exemplary VCO-VE
plots fitted with a bilinear
regression line, and a third
order polynomial curve for an
athlete without breakpoint
(plots to the left) and with
suggested breakpoint presence
(plots to the right). (Note that
the plots of all five athletes with
a suggested breakpoint show a
rather curvilinear increase in
the VCO,-VE relationship.)
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Overview of Paper Il = IV: VO2,eak and exercise efficiency in upper-body poling and arm crank
ergometry

Overview of Paper Il — IV: Peak responses during the incremental tests to exhaustion

Figure 13 provides an overview over peak PO and VOgzpeak during the incremental tests
performed in Paper Il — IV. Peak PO and VOapeak Were generally higher in the unrestricted UBP
mode (Paper Il and IV) compared to the restricted UBP and restricted ACE mode (Paper lI).
Peak PO and VOjpeak Were generally lower in participants with a disability (blank bars)
compared to AB (dotted bars). This is confirmed by the significantly lower VOjpeak in PARA
compared to AB Paper Il (31.5 + 6.4 vs 39.7 + 6.6 mL-kg*min™, respectively, p < 0.007).
Statistics were only performed to compare UBP and ACE in PARA and AB within Paper II, and

not across papers. This since the participants and the test set-up were not the same across

studies.
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Figure 13. Peak power output (A) and body-mass normalized VOapeak (B) during restricted
upper-body poling and arm crank ergometry in able-bodied cross-country skiers and paraplegic
athletes (Paper Il), during unrestricted upper-poling in able-bodied cross-country skiers (Paper
1), and during unrestricted upper-body poling in Para ice hockey players (Paper IV).

Dotted bars demark data from able-bodied participants. White bars are data from upper-body
poling, whereas grey bars are from arm crank ergometry.

* Significant differences between able-bodied and paraplegic participants at an alpha level of
0.05

¥ Significant differences between upper-body poling and arm crank ergometry at an alpha level
of 0.05
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Overview of Paper Il —IV: Exercise efficiency

The actual PO-MR relationships of restricted and unrestricted UBP and restricted ACE in PARA
and AB are illustrated in Figure 14 and the recalculated PO-MR relationships at fixed POs are
illustrated in Figure 15. At fixed POs, MR was 19% higher in UBP compared to ACE, indicating
lower exercise efficiency in UBP (p < 0.001) (Figure 15). In addition, in UBP, there was an

interaction between restricted UBP and unrestricted UBP (p = 0.048).
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Figure 14. Power-output—Metabolic-rate relationship during restricted upper-body poling and
arm crank ergometry in able-bodied cross-country skiers and athletes with a disability, during
unrestricted upper-poling in able-bodied cross-country skiers, and during unrestricted upper-
body poling in Para ice hockey players.
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Figure 15. Power-output—Metabolic-rate relationship at fixed power outputs of 40, 60 and 80
watt during restricted upper-body poling and arm crank ergometry in able-bodied cross-
country skiers and athletes with a disability, during unrestricted upper-poling in able-bodied
cross-country skiers, and during unrestricted upper-body poling in Para ice hockey players.

¥ significant differences between upper-body poling and arm crank ergometry at an alpha level
of 0.05
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DISCUSSION

The main findings of the four papers included in this PhD were that: 1) VO2peak values between
Paralympic sitting sports were fairly well reflected by the sport-specific demands and,
therefore, highest in sports with continuously high physical efforts such as Nordic sit skiing. In
wheelchair athletes, being male, not being TETRA or having an amputation and testing in a
WERG or WTR mode was favourable for high VOzpeak (Paper 1). VO2peak Was not different
between UBP and ACE but higher in AB compared to PARA. However, exercise efficiency was
lower in UBP compared to ACE, but not different between AB and PARA (Paper Il). In UBP, the
relative test-retest reliability of VOjpeak during different closed-end and an open-end
incremental upper-body poling test was high. However, VO2peak Was significantly higher during
a 3-min closed-end test and an open-end incremental test compared to a 1-min closed-end
test (Paper Ill). Furthermore, the outcome parameters identified with breakpoint methods at
the VT and with fixed methods at the LT1, used to determine the AT, did significantly differ.
The RCT and LT2 used to determine the ANT, and the VT were closely located. In addition,
continuous linear and curvilinear (i.e. no-breakpoint) models fitted most of the gas exchange

data obtained from Paralympic athletes during UBP better than breakpoint models (Paper IV).

VOzpeak during upper-body exercise

Influence of sports discipline. In line with the hypothesis of Paper I, VOapeak Was highest in Nordic
sit skiing (Paper 1). High absolute VO2peak values were also found in Para ice hockey players and
high body-mass normalized VO2peak values in wheelchair racing. This might in part be explained
by the sport-specific demands in these three sports. Nordic sit skiing and wheelchair-racing
athletes perform at continuously high physical efforts>é. In Para ice hockey, athletes require
maintenance of sprint ability during games that last three times 15 min, which was highly
correlated with VO2peak®. In contrast, shooting athletes display low VOapeak values, which might
be related to their low levels of displacement. However, the representativeness of the low
VO2peak Values for the wheelchair shooting athlete population remains reduced due to a limited
number of studies and participating athletes included for this sports discipline in the meta-
analysis. VOzpeak Values were also found to be low in wheelchair rugby athletes, which might

be surprising given that long distances need to be covered during games that last
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approximately 70 minutes!8, However, only athletes with TETRA are eligible to wheelchair

rugby, who were found to have low VOzpeak values due to SCl-specific limitationst® 120,

Influence of type of disability. The finding of low VOjpeak values in TETRA is in line with the
hypothesis and the results of the regression analyses conducted in Paper I, which show that
compared to PARA, TETRA athletes have lower and AMP higher absolute and body-mass
normalized VOgzpeak values. Both TETRA and PARA lack sympathetic control to the paralyzed
lower limbs, and depending on the level of injury to the paralyzed trunk, which limits the
amount of active muscle mass during testing?>. Furthermore, blood redistribution is impaired
below the level of injury, including a lack of innervation to the splanchnic vascular bed in
individuals with complete SCl injuries above the Thé level?*. The splanchnic vascular bed is the
body’s largest blood reservoir and lacking innervation of this area further negatively influences
blood redistribution to the active muscles?*. Moreover, TETRA athletes with autonomic
completeness above Thl lack innervation to the heart, which reduces peak HR and
consequently leads to lower cardiac output and lower VOzpeak®. In a study by West et al.?°,
athletes competing in wheelchair rugby on an international level were tested on autonomic
completeness. All were found to have incomplete autonomic injuries, which may indicate that
high performance on an international level in wheelchair rugby is only possible when part of
the autonomic system is still intact. The TETRA athletes included in wheelchair rugby in the
systematic literature review (Paper |) might, therefore, mostly be athletes with an incomplete
autonomic injury and have higher VOgpeak values than would be expected in athletes with

complete autonomic injuries.

There were no significant differences in VOzpeak between PARA and athletes with spina bifida
(Paper 1), suggesting that, irrespective of the different test modes and protocols employed in
the included studies, non-traumatic versus traumatic spinal cord injuries lead to similar
limitations in the cardiorespiratory system. Even though this has not yet been looked into in
detail, several studies that investigated VOzpeak have pooled participants with spina bifida and
SClinto one group before® 121127 and the absence of this being discussed in further detail leads
us to believe that similar responses were seen on an individual level. Furthermore, and in line
with the higher peak PO during an incremental test in sitting athletes with a single leg

amputation reported by Hutzler et al. %, VOapeak values in Paper | were significantly higher in
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AMP compared to PARA. This is in contrast to Coutts et al.%°, who found similar absolute VO2peak
in AMP and PARA. However, the AMP included in the latter study were all double above knee
amputees, and likely had lower body mass compared to PARA. In line with this, low body mass
was shown to be related to low absolute VOapeak!?. In comparison, the AMP included in Paper
| were mostly single leg amputees and body mass did not significantly differ between AMP and
PARA. The 5.3 mL-kg*min™ higher body-mass normalized VOzpeak in AMP compared to PARA
in Paper | was lower than the 8.2 mL-kg'-min difference between AB and PARA found in Paper
I, and lower than the 9.4 - 17 mL-kg*-min! differences in a range of studies that tested AB and
PARA in the same upper-body mode and protocol’" 12% 130 Even though this needs to be
investigated in future studies, it is speculated that VOapeak during upper-body exercise is lower
in AMP compared to AB, which might be related to AMP not being able to use both legs for
stabilization and therewith recruit less active muscle mass during incremental testing. Overall,
future studies are needed to look into how other common disabilities of Paralympic sitting

athletes, such as an amputation or spina bifida, influence VO2peak.

Influence of test mode. In addition to sport-specific demands and disability-related limitations,
the test mode is important when assessing VOapeak. In wheelchair athletes, the WTR and WERG
mode resulted in higher VOzpeak values compared to ACE in the regression analyses of the
systematic literature review (Paper 1). The clear differences between WTR and WERG
compared to ACE might be related to that only data of wheelchair athletes was included in
these analyses for whom the wheelchair test modes may be more sports-specific than ACE.
However, the results of these regression analyses need to be interpreted with caution since
modes were not compared within the same studies in the same participants. Therefore,
another meta-analysis was conducted (Supplementary data 1, Appendix 1). In the latter
analysis, the difference in VOapeak Was investigated between test modes in athletes and non-
athlete participants both with and without a disability, who were tested in at least two of the
modes within the same study. In the latter analysis, no differences in VOzpeak Were found
between ACE and WERG. The reasons for this need to be further investigated but might be due
to less of an effect of sport-specificity of the test mode when also non-athlete participants with
a disability and AB participants are included. Furthermore, ACE and WERG might be similar in
that trunk oscillations and shifts in centre of gravity do not contribute to power production as

much as during WTR*31,
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In line with no difference in VOzpeak in ACE and WERG, no difference was found in VOazpeak
between UBP and ACE, despite a lower peak PO in UBP, in neither specifically upper-body
trained able-bodied cross-country skiers nor non-specifically upper-body trained PARA, when
the upper-body was restricted (Paper Il). This suggests that neither being specifically trained
for the UBP in AB, nor the continuous PO production in ACE leads to higher VOzpeak. The lower
PO in UBP may hence be solely explained by lower efficiency in UBP compared to ACE, which
will be discussed in the next section. Caution is required when comparing VOzpeak between the
experimental studies conducted in this PhD. However, in unrestricted UBP, higher VOjpeak
values in AB participants (Paper Ill) and athletes with different disabilities (Paper IV), were
found compared to restricted UBP in AB and PARA, respectively (Paper Il). This is likely due to
an increased active trunk muscle mass in unrestricted UBP, which is supported by
Supplementary data 1 (Appendix I) that consistently shows higher VO2peak in WTR compared to
ACE in all four studies included in the meta-analysis’ 132134 Trunk oscillations and shifts in
centre of gravity contribute to wheelchair speed in the WTR mode®3? and likely also to power
production in UBP, whereas trunk movement is limited in ACE. Overall, differences in
continuous and discontinuous power production, respectively, in ACE compared to WERG,
WTR and UBP, do not have an impact on VOapeak. In comparison, higher VOapeak values were
found in modes and test-setups that involve trunk movement and thereby increase active
muscle mass, such as the WTR and the unrestricted UBP mode. Therefore, the WTR and the
unrestricted UBP mode may be the recommended exercise modes to increase endurance in

individuals with different disabilities with sufficient trunk control.

Influence of test protocol. Next to the test mode, the test protocol employed is important for
obtaining the highest possible VOypeak values. The incremental test led to 1 mL-kg*-min™ higher
VO2peak compared to the 3-min test (Paper IlI), which is in line with similar differences in a
comparable study in cross-country skiers'3>. The practical significance of this slight difference
in terms of endurance performance during cardiorespiratory exercise testing may be
questioned. In this context it has to be noted that all participants performed a thorough warm-
up of four 5-min submaximal stages (RPE 9 — RPE 15) initially and an additional standardized 5-
min warm-up before each of the three VOopeak tests (1-min, 3-min and incremental). Larger

differences in VOzpeak between the 3-min and the incremental test might be expected in case
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no or a much shorter warm-up protocol was performed. A warm-up accelerates VO kinetics
and decreases the slow component of VO,'3¢. Given that participants perform a thorough
warm-up, bigger differences between the 3-min and the incremental test are not expected
with a different incremental protocol. This since a short (20 watt/30 s), two moderate (20
watt/min and 10 watt/30s) and one long duration (10 watt/min) incremental UBP protocol led
to similar VOopeak values despite significant differences in peak PO (Supplementary data 2,
Appendix 2). In line with this, Smith et al.2® and Castro et al.'3” found no differences in VO2peak
between a protocol with 6 watt/min and 12 watt/min increases and between a short (2 watt/6
s) compared to a long (1 watt/6 s) protocol, respectively, in incremental tests to exhaustion in

AB participants during ACE.

The high and very high ICCs (0.887 - 0.956) in Paper Il indicate high relative test-retest
reliability for peak PO, VO2peak and peak HR during the closed-end, all-out 1-min and the 3-min
test as well as the incremental UBP test to exhaustion. This is in line with several studies that
found high relative test-retest reliability of peak parameters during 3-min all-out and
incremental tests to exhaustion in not specifically upper-body trained AB during exercise in the
ACE or handcycle ergometry mode® 88 138 |n comparison, no studies had yet investigated the
relative test-retest reliability of the 1-min test. Whereas the 1-min all-out test also displays high
relative test-retest reliability, it is not recommended as a VOgpeak test due to the 4 - 5 mL-kg
Lmin lower VOapeak values compared to the 3-min and incremental test. The ICC is a measure
of between-subjects to within-subjects variation. High ICCs might hence be the result of sample
heterogeneity and corresponding large variation in outcome parameters!'? 13° The coefficient
of variation for VOypeak in the participants of Paper Il was 12%, which indicates heterogeneous
physiological responses in even homogeneous, upper-body trained AB. Furthermore, there
was some systematic error reflected in consistently higher peak outcome for some of the tests
on day 2, which is reflected in the ICCy,1 and ICC31 being lower than the ICCy1. As such the
interpretability of the ICC as a measure of relative reliability remains limited and absolute
reliability measures, such as the SDC also need to be taken into consideration. The 80% SDC
was 12 - 19 watt for peak PO, 2 - 3 mL-kg*min™ for VOapeak and 5 - 7 beats-min! for peak HR
for the three VOypeak tests. Even though significant, the 1 mL-kg*-min-! difference between the
3-min and the incremental test is below the SDC for VOzpeak. Concluding from the above, both

the 3-min and incremental tests with different increment duration and workload increases can
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be used as reliable VOapeak tests, given that participants performed a thorough warm-up prior

to testing.

Efficiency during upper-body exercise

Influence of test mode. Combining the results of Paper Il to IV confirmed that irrespective of
restricting or not restricting the upper body, exercise in the UBP is less efficient than in the ACE
mode (gross efficiency: 10 - 13 vs 13 - 15%, respectively). This is in line with studies that found
the discontinuous movement during WERG exercise to be less efficient that exercising in the
ACE mode (gross efficiency: 6 - 12 vs 10 - 16%, respectively)® 3% 40 The lower gross efficiency
in discontinuous movement modes may be attributed to that the instantaneous power
produced during a shorter part of the cycle needs to be higher in WERG, WTR and UBP in order
to produce a given PO compared to a more continuous power production in ACE3? 140,
Furthermore, in UBP, participants need to lift their arms up against gravity before pulling down
on the ropes. This is likely more energy consuming than having the arms supported through
the crank throughout the whole movement cycle, where kinetic energy of the downwards
movement of one arm might be reutilized during the upwards movement of the contralateral

arm.

In UBP, data was collected with both an unrestricted (Paper Ill and IV) and a restricted trunk
movement (Paper Il), and an interaction was found in the PO-MR relationship between
unrestricted and restricted UBP. The interaction indicates that compared to unrestricted UBP,
restricted UBP gets less efficient with increasing PO in both PARA and AB. This is likely due to
movement technique being increasingly disturbed when producing higher POs in UBP with a
restricted upper body. The PO-MR relationship of restricted ACE does not interact with that of
unrestricted UBP. Although not tested, a potential explanation might be that trunk movement
is less pronounced in unrestricted ACE, and therefore movement technique is not as influenced

in restricted ACE compared to restricted UBP.

Influence of disability. There were no significant differences in gross efficiency between non-
specifically upper-body trained PARA and specifically UBP trained AB in neither restricted UBP
(10-12 vs 10 - 12%, respectively) nor restricted ACE (14 - 16 vs 13 - 15%, respectively) (Paper
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I1). This finding is in contrast to higher efficiency in PARA compared to AB in a study of Croft et
al.”*, employing the WTR mode (6 - 8% vs 4 - 6%, respectively) and Lenton et al.”> employing
the WERG mode (8 vs 6%, respectively). This may be explained by differences in experience
with upper-body exercise in AB in Paper Il compared to the latter two studies. Whereas the AB
in the latter two studies had limited or no experience with wheelchair propulsion, the AB in
Paper I, who were all cross-country skiers, were well accustomed to upper-body exercise since
double-poling requires significant contribution from the upper-body to forward propulsion®.
The higher or similar efficiency in PARA compared to AB may indicate that disability-related
physiological limitations do not negatively affect efficiency. This is supported by Coutts et al.*?
who found no differences in efficiency between PARA and TETRA. Overall, the lower efficiency
in UBP compared to ACE may be attributed to the discontinuous nature of UBP and to the
movement of the arms against gravity, but not to differences between PARA and AB. For our

findings to be fully applicable to practice, future studies are needed to investigate the

differences in VO2peak and efficiency between restricted and unrestricted UBP and ACE.

Gas exchange and blood lactate thresholds during upper-body exercise

Comparison of gas exchange and Bla threshold methods. Although the outcome parameters
identified at the VT were not significantly different from the ones identified with the log-log
transformed VO,-BlLa at the LT1, the outcome parameters identified with a fixed first rise in
BlLa at the LT1 were significantly lower. Furthermore, the methods used to identify the VT and
the LT1 did not highly correlate with each other indicating that these two thresholds cannot
be used interchangeably to determine the AT. The early occurrence of a rise in BlLa in upper-
body exercise compared to lower-body exercise is in accordance with Beneke et al. 3, who
found BLa to be higher at a given workload in activities involving smaller muscle mass, where
PO per kg of active muscle mass and, thus, local metabolic stress is increased. In addition, BlLa
accumulation after cessation of exercise was shown to be faster in individuals with a SCI as

compared to able-bodied individualst!.

The outcome parameters identified with breakpoints in the VCO,-VE data and in the VE/VCO,
data at the RCT were closely located to the ones identified with the Dmax method at the LT2.

This indicates that the exercise intensity where a disproportionate increase in VE and in Bla
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occurs is relatively similar. There was a close location between outcome parameters at the VT,
RCT and LT2 despite small significant differences in the submitted version of Paper IV. These
differences became insignificant when using Bonferroni corrections. In the submitted version
of Paper IV, no adjustment for multiple comparisons were made since this study is considered
one that might generate new hypotheses for future research but not necessarily lead to policy
changes, which is in accordance with the recommendations of Rothman'44. Furthermore, most
of the outcome parameters identified with the different methods at the RCT and LT2 are low
to moderately correlated, coinciding with high individual variation in the outcome parameters
within each of the methods used. This indicates that an individual with a high LT2 does not
necessarily display a high RCT. The high individual variation may be explained by disability-
related differences in the cardio-respiratory system that might affect physiological responses
to upper-body exercise. For example, athletes with a SCI exercising in an upper-body mode
were shown to vary considerably in their VOzpeak depending on their level of injury 119, which
might also reflect differences in the % of VOapeak that can be sustained during exercise.
Furthermore, individual variation in % of VOa2peak may be higher in upper-body exercise

compared to lower-body exercise.

The outcome parameters identified by the breakpoints in the VE/VO, at the VT and in VE/VCO;
at the RCT did not significantly differ and were highly correlated. This, together with the rather
linear increase in the VO,-VCO; relationship suggests that it is solely the disproportionate rise
in VE that leads to a rather rapid increase in the data of the VE/VO,, and the VE/VCO: plots,
and to discernible breakpoints in approximately half of the participants. Together with the
close location of the breakpoints identified in the VO,-VCO; data at the VT and the VCO,-VE
data at the RCT, this indicates that a two-phase (low-high) rather than a three-phase (low-
moderate-high) intensity zone model could be applicable in athletes with a disability who
exercise in an upper-body mode. This is in line with a study of Pires et al.}*> who also found
one rather than two thresholds in the gas exchange data in upper-body trained able-bodied
participants during exercise in the arm crank ergometry mode. However, significant
differences between the VT and the RCT in were found in a study of Dekerle et al.®?, who tested
able-bodied participants in the arm crank ergometry mode and of Leicht et al.?’, who tested
wheelchair athletes in the wheelchair treadmill mode. Follow-up studies are needed to look

into whether outcome measures identified with different gas exchange and Bla threshold
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methods to determine the AT and ANT differ during upper-body exercise in AB and participants

with disability and between upper- and lower-body exercise in AB participants.

Breakpoints in the gas exchange data at VT and RCT. All gas exchange threshold methods have
in common that there is an a priori assumption of the presence of a breakpoint, defined as “a
place where an interruption or change occurs”!#. However, the presence or absence of
breakpoints in the gas exchange data is a debated topic®” 7. Thus, in addition to the
breakpoint models used to identify the VT and the RCT in Paper IV, continuous no-breakpoint
models were fitted to the gas exchange data to investigate if there are clear breakpoints. In
most participants, continuous no-breakpoint models fit the gas exchange data better.
Furthermore, also in the participants with suggested breakpoint presence, the breakpoint
models only fit marginally better (AR? < 0.002) and the practical consequences of these
differences are debatable. Overall, it can be questioned if clear breakpoints really exist in the

gas exchange data of athletes with disabilities in an upper-body exercise mode.

% of VO2zpeak at the VT and RCT. The interpretation of the % of VOzpeak at the VT and the RCT as
two separate thresholds might not be valid since they are closely located in Paper IV. The close
location of the VT and RCT might be a consequence of the absence of clear breakpoints in the
gas exchange data, where the two regression lines identify a breakpoint that is located
somewhere in the middle of the data irrespective of the method used. However, the 68% of
VO2peak identified at the VT in the current study is relatively similar compared to the 65 - 74%
in athletes of different Paralympic sitting sports being tested in different upper-body mode>
69,97 In comparison, the VT in the Paper IV occurs at a higher % of VOapeak as compared to the
VT in most other studies that investigated able-bodied participants and participants with a
disability in different upper-body exercise modes (in all studies, % of VOzpeak < 60%)%0-62 72, 148-
150 This is likely related to the fact that participants in these studies were less physically active
compared to the Paraice hockey players in Paper IV. Overall, despite a lack of clear breakpoints
in the gas exchange data in Paper IV and the close location of the VT and RCT, the % of VO2peak
at the VT is similar to other studies who test upper-body trained participants with a disability

in an upper-body exercise mode.
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Compared to the 68 - 72% of VOazpeak at the RCT in our study, higher values were found in
paraplegic wheelchair basketball players tested in the WTR mode (78%)°” and in able-bodied
participants tested in the ACE mode (83%)%2. Furthermore, the % of VO2peak at the RCT in Paper
IV was also lower compared to the 85 - 89% in elite able-bodied athletes during lower-body*!
and whole-body exercise?. This suggests that the latter wheelchair basketball players and
able-bodied athletes are able to maintain performance at a higher % of VOjpeak. This may be
attributed to them being better trained with respect to cardio-respiratory fitness, compared
to the Para ice hockey players investigated in Paper IV, who next to training endurance also

spend quite some time training strength and power to improve their sprint ability.

Methodological considerations

Sample size, sample characteristics and sample heterogeneity. The challenge in elite sports
research — and even more so in the Paralympic field — is a scarcity of athletes and their
heterogeneity in physical characteristics and disabilities, as was the case in Paper | -V included
in this PhD. Combining the results of several studies by means of a meta-analysis constitutes a
good, if currently not the only, opportunity to provide knowledge based on a larger sample
size. However, the numbers of included studies and participants remained low even in the
meta-analyses conducted in Paper |, in all sports other than wheelchair racing, wheelchair
basketball and wheelchair rugby. This reduced the generalizability of VO2peak values to the
population of athletes participating in most sports disciplines. A further limitation of Paper |
was that detailed information on training status was missing in most and detailed information
on sex, age, body mass and type of disability was missing in some studies. Some of the
differences in VOzpeak between sports disciplines and some of the variation within each sport
discipline may be attributed to the differences in anthropometrics, type of disability and
training status. Therefore, the meta-analyses of Paper | are not able to separately investigate

the effect participating in a certain sports discipline on VO2peak.

When individuals with a disability exercise in an upper-body mode, two factors mainly
influence physiological outcome parameters: 1) the upper-body exercise mode itself and 2) the
impact of an individual’s disability on movement function and physiological capacity. To be able

to investigate the influence of the upper-body exercise mode versus disability-related
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limitations, the inclusion of AB in addition to participants with a disability is be necessary. In
Paper Ill, it was decided to only include male upper-body trained AB participants to achieve a
sufficient sample size with relatively homogeneous participants since especially relative
reliability is affected by sample heterogeneity. However, due to this, the generalizability of our
findings to individuals with a disability remains limited. In Paper IV, next to investigating
athletes with different disabilities, the addition of an AB control group would have been
desirable, since as of now it is not known whether the findings may be attributed to limitations
related to upper-body exercise mode or disability-related limitations. Furthermore, the Para
ice hockey players included in the latter study contained three athletes with athrogryposis
multiplex congenita, motor cerebral palsy and a single leg amputation in addition to the
athletes with SCI and spina bifida with different levels of paraplegia. Some of the variation
found within each of the threshold methods in this Paper IV may, therefore, be attributed to
differences in disabilities.

In comparison in Paper Il, both PARA and AB were included. However, all AB were specifically
trained in the UBP mode, and most athletes with disabilities were not specifically trained for
either mode. The inclusion of a specifically trained group for UBP and ACE within AB (e.g. cross-
country skiers vs kayakers, respectively) and PARA (e.g. Para ice hockey players, Para cross
country skiers or Para biathletes vs hand-cyclists, respectively) was initially aimed for. This
would have allowed us to investigate more thoroughly if differences between UBP and ACE

could be attributed to being specifically trained for each mode.

Test mode and protocol. A further limitation of Paper | was that different test modes, test
equipment and test protocols were used in the studies included for each sports discipline.
Some of the differences in VO2peak between sports disciplines and some of the variation within
each sport discipline might additionally be explained by the different test modes and protocols
used. This further limited the possibility to investigate the effect of participating in a certain
sports discipline on VO2peak. In Paper Il, only the restricted UBP and the restricted ACE mode
were used. Especially in UBP, the trunk is dynamically used during training and competition. As
such, our findings are not applicable to a practical setting and future studies need to investigate
the difference between restricted and unrestricted UBP. In paper lll, no familiarization session
with each of the three VOapeak tests (1-min, 3-min and incremental test to exhaustion) was

performed. In hindsight a familiarization session should be performed for all three tests if the
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main outcome parameter is peak PO and for the 1-min and the incremental test if the main
outcome parameter is VOazpeak, Since there were significant day-to-day differences in these
parameters.

In Paper IV, an intermittent incremental protocol was employed to be able to take a BLa sample
from the fingertip in between stages. This was done in order to be able to investigate if gas
exchange and BLa thresholds differ in determining the aerobic and the anaerobic threshold. In
comparison to the continuous incremental protocol, which is most commonly used during gas
exchange threshold analysis?® 332397 the intermittent protocol led to gaps in the gas exchange
data. This might have affected the accuracy with which breakpoints in the gas exchange data
were detected, especially if breakpoints occurred between stages. In addition, the thresholds
identified in Paper IV were not validated against the ones identified with a maximal lactate
steady state protocol. Such a protocol consists of 30-min stages at increasing intensity and is

considered the gold standard for determining the highest constant exercise intensity®®3.

Scaling. In the absence of valid scaling methods for VO2peax to account for differences in body
size in athletes with different disabilities, absolute and body-mass normalized VOapeak values
are provided in the studies included in this PhD. Absolute VOapeak values are - next to the
endurance capacity - influenced by body size, with higher VOypeak values in participants with
higher body size. To be able to compare the VOypeak of individuals whilst reducing the effect of
different body sizes, VO2peak Values are normalized by total body-mass. However, when testing
in an upper-body mode, only a limited part of the total muscle mass is active, which is further
reduced in participants with a disability. In addition, participants with disabilities are even more
heterogeneous in their distribution of body mass between the upper- and lower-body
compared to AB. Therefore, the validity of normalizing VOzpeak by total body mass when testing

participants with different disabilities in an upper-body mode is questionable.
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CONCLUSIONS

Participating in sports with continuously high movement demands, being a man, not being
tetraplegic or having an amputation compared to being paraplegic, as well as testing in a
wheelchair treadmill or unrestricted upper-body poling mode compared to an arm crank
ergometry, wheelchair ergometry or restricted upper-body poling mode are favourable for
high absolute and body-mass VOapeak Values (Paper | —1V). Movement differences between the
upper-body poling and arm crank ergometry mode do not seem to have an impact on VO2zpeak
when the upper-body is restricted, but the discontinuous power production in upper-body
poling leads to lower efficiency compared to arm crank ergometry. In addition, compared to
able-bodied participants, spinal-cord injury related limitations negatively influence VOzpeak but
not efficiency in paraplegic participants (Paper Il). In upper-body poling, both a 3-min and an
incremental test of moderate duration are highly reliable VOapeak tests (Paper IIl). Furthermore,
the breakpoint methods used to identify the ventilatory threshold and the fixed methods used
to identify the first lactate threshold cannot be used interchangeably. In addition, the close
location of the ventilatory threshold, the respiratory compensation threshold and the second
lactate threshold does not allow us to distinguish the aerobic and anaerobic threshold,
indicating the presence of only one threshold in athletes with a disability exercising in an upper-
body mode. Since continuous no-breakpoint models fit the gas exchange data better in
athletes with a disability during upper-body poling, it is questionable if clear breakpoints exist

in these participants in an upper-body test mode (Paper IV).
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Appendix 1: Supplementary data 1 — VOzeak in different upper-body exercise modes

Included in this preliminary systematic literature review were 12 studies, of which 9 studies'®
compared body-mass normalized VO2peak values between the ACE and the WERG mode in 199
participants, and 4 studies® 112 between the WERG and the wheelchair treadmill mode in 42
participants. There was no significant difference in body-mass normalized VOjpeak between
testing in the ACE and WERG mode (overall effect + 95% Cl: 0.2 £ 0.9, p>0.05) (Supplementary
Figure A). However, testing in the ACE mode resulted in significantly lower body-mass
normalized VO2peak Values compared to the wheelchair treadmill mode (-2.7 £ 1.3, p<0.05)
(Supplementary Figure B). Only one study compared body-mass normalized VOzpeak between
the WERG to the wheelchair treadmill mode in 13 participants and found no differences!. No
studies have yet compared UBP to neither ACE, WERG nor WTR. The results of the comparison
of absolute VOzpeak values between testing in the ACE, WERG and the wheelchair treadmill
mode are similar to results presented for the body-mass normalized VOjpeak, and are,

therefore, not further presented in this dissertation.

ES (95%Cl) % Weight (DL)
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Pohlman et al. (1989) PQ-I 0.2 (-1.1-1.5) 22.3
Price & Campbell. (1999) L e— -1.8 (-10.7-7.1) 1.1
Simard et al. (1993) HOH 0.8 (-1.0-2.6) 15.7
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OVERALL EFFECT (12=19.2) 0 0.2 (-0.7-1.2) 100
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Supplementary Figure A. Effect size (ES) (95% Cl range) of the difference in body-mass
normalized VOazpeak between participants being tested in an arm crank ergometry versus a
wheelchair ergometry mode. The dot size indicates the relative weight of each study in
determining the overall effect size.
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Supplementary Figure B. Effect size (ES) (95% Cl range) of the difference in body-mass
normalized VOazpeak between participants being tested in an arm crank ergometry versus a
wheelchair treadmill mode. The dot size indicates the relative weight of each study in
determining the overall effect size.
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Appendix 2: Supplementary data 2 - Influence of increment duration and workload
increases on VOzpeak

Peak PO was significantly higher in the short incremental test (20W/30s: 189 + 30.3 watt) (all
comparisons, p < 0.001) and significantly lower in the long incremental test (10W/min: 152 +
21 watt) (all comparisons, p < 0.001) compared to the two incremental tests of moderate
duration (10 watt/30s and 20 watt /min: 169 + 26.7 and 175 + 25 watt, respectively). Despite
this, VOapeak did not significantly differ between the four tests (20 watt/30 s: 36.3 + 5.0, 10
watt/30s: 37.0 £ 4.9, 20 watt/min: 37.2 + 5.3, 10 watt/min: 38.2 £ 6.1 mL-kgmin™, p >0.11)
(Supplementary Figure C). Furthermore, VO; at peak PO was significantly lower compared to
VOzpeak in all four tests (20 watt/30 s: 32.7 + 5.8, 10 watt/30 s: 35.2 £ 5.0, 20 watt/min: 35.3 +
4.5, 10 watt/min: 37.2 £ 6.6 mL-kg*:min, p <0.01).
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Supplementary Figure C. Power output and VO kinetics during incremental test a (20 watt/30
s) (cyan), test b (10 watt/30 s) (black), test ¢ (20 watt/1 min) (blue) and test d (10 watt/1 min)
(orange). To be able to calculate the mean (solid lines), the individual data of each participant
was divided into an equal number of steps for each of the four tests. The shaded areas are +
one standard deviation. This figure is duplicated in a manuscript that will be submitted for
publication to Frontiers in Physiology?.
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Abstract

Background

Peak oxygen uptake (VOa,eak) in Paralympic sitting sports athletes represents their maximal
ability to deliver energy aerobically in an upper-body mode, with values being influenced by
sex, disability-related physiological limitations, sport-specific demands, training status and
how they are tested.

Objectives

To identify VOopeax Values in Paralympic sitting sports, examine between-sports differences
and within-sports variations in VO,,..« and determine the influence of sex, age, body-mass,
disability and test-mode on VOypeak-

Design

Systematic literature review and meta-analysis.

Data sources

PubMed, CINAHL, SPORTDiscus™ and EMBASE were systematically searched in Octo-
ber 2016 using relevant medical subject headings, keywords and a Boolean.

Eligibility criteria
Studies that assessed VO,pcak Values in sitting sports athletes with a disability in a labora-
tory setting were included.

Data synthesis

Data was extracted and pooled in the different sports disciplines, weighted by the Dersimo-
nian and Laird random effects approach. Quality of the included studies was assessed with
a modified version of the Downs and Black checklist by two independent reviewers. Meta-
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regression and pooled-data multiple regression analyses were performed to assess the
influence of sex, age, body-mass, disability, test mode and study quality on VO,peax.

Results

Of 6542 retrieved articles, 57 studies reporting VOzpeax Values in 14 different sitting sports
were included in this review. VOopcak Values from 771 athletes were used in the data analy-
sis, of which 30% participated in wheelchair basketball, 27% in wheelchair racing, 15% in
wheelchair rugby and the remaining 28% in the 11 other disciplines. Fifty-six percent of the
athletes had a spinal cord injury and 87% were men. Sports-discipline-averaged VOzpeax
values ranged from 2.9 L-min™" and 45.6 mL-kg™"-min™" in Nordic sit skiing to 1.4 L-min™" and
17.3 mL-kg™"-min"" in shooting and 1.3 L-min™" and 18.9 mL-kg™"-min™" in wheelchair rugby.
Large within-sports variation was found in sports with few included studies and correspond-
ing low sample sizes. The meta-regression and pooled-data multiple regression analyses
showed that being a man, having an amputation, not being tetraplegic, testing in a wheel-
chair ergometer and treadmill mode, were found to be favorable for high absolute and body-
mass normalized VOzpeax Values. Furthermore, high body mass was favourable for high
absolute VO,peax Values and low body mass for high body-mass normalized VOopeax
values.

Conclusion

The highest VO,peax values were found in Nordic sit skiing, an endurance sport with con-
tinuously high physical efforts, and the lowest values in shooting, a sport with low levels of
displacement, and in wheelchair rugby where mainly athletes with tetraplegia compete.
However, VO,,.ak Values need to be interpreted carefully in sports-disciplines with few
included studies and large within-sports variation. Future studies should include detailed
information on training status, sex, age, test mode, as well as the type and extent of disability
in order to more precisely evaluate the effect of these factors on VOzpeax.

1. Introduction

The Paralympic Games are the world’s second largest sporting event, and athletes with 10 dif-
ferent eligible physical impairments [1] participated in 23 summer disciplines in Rio 2016 and
will participate in 6 winter disciplines in Pyoengchang 2018 (https://www.paralympic.org/
sports). Of these, 16 of the summer sports and 5 of the winter sports disciplines have at least
one sitting class. Depending on the eligibility criteria of each sitting sports discipline, athletes
with impaired muscle power, impaired passive range of movement, limb deficiency, leg length
difference, hypertonia, ataxia and athetosis are allowed to compete (https://www.paralympic.
org/sports). Even though performance in all Paralympic sitting sports disciplines is mainly
dependent on the work done by the upper body, the physical demands vary within a spectrum
from typical endurance sports requiring high aerobic energy delivery over sustained periods to
those performed with relatively low levels of displacement and corresponding low aerobic
demands [2].

As an indicator of the humans’ maximal ability to deliver energy aerobically, the measure-
ment of maximal oxygen uptake (VO,y,,y) is regarded as the “gold standard” [3]. However,
during exercise employing relatively low muscle mass, like in upper-body modes, the
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cardiorespiratory system is not fully taxed and VO,,,,,, is rarely reached even in able-bodied
participants [4, 5]. In such cases, peak oxygen uptake (VO,pci) denotes the highest oxygen
uptake reached during exercise to voluntary exhaustion [3] and is a common indicator of peak
aerobic energy delivery capacity during upper-body exercise.

In sitting endurance sports with a continuously high physical effort, VO, . is suggested to
be a paramount determinant of performance [6]. Whereas VO,,.x values are available for elite
athletes in a wide range of Olympic sports disciplines [7-10], only one study by Bhambhani
etal. [11] provides a general overview of VO, Values in trained male wheelchair athletes.
However, the latter study does not systematically report VOypcai values for the individual Para-
lympic sitting sports disciplines. A systematic literature review on VO,peqx in Paralympic
sports disciplines may, therefore, improve the scientific understanding of sport-specific aero-
bic demands, which is of importance for scientists as well as coaches and athletes. Further-
more, VO,peax values of sitting sport athletes provide clinicians with a framework of what is
possible to achieve in terms of peak aerobic capacity when exercising with a given modality
and disability. This might be of relevance for providing feedback to their patients once they
start engaging in a particular sitting sport activity.

In addition to the sport-specific demands, disability-related physiological limitations also
influence VO,peq in athletes with a disability. One study provided absolute VO,peqi in well-
trained spinal cord injured (SCI) individuals (1.0-1.2 vs. 2.0-2.3 L-min"" for tetraplegic
(TETRA) vs. paraplegic (PARA), respectively) [12]. In the latter study, large differences in
VO,peax were found even within the well-trained individuals with different levels of SCI [12].
Whereas the focus in the few previous studies is on the influence of the different levels of SCI
on VOypeak [12, 13], there is lack of knowledge on how VO,,,c,i is influenced in Paralympic sit-
ting sports athletes with other common disabilities, such as amputations, spina bifida and
poliomyelitis. Furthermore, in the studies that focus on individuals with SCI, an inverse rela-
tionship between level of SCT and VOypeqi has been shown [14]. One may therefore expect
high within-sports variation in VO, in Paralympic sitting sports, since they include athletes
with a large heterogeneity in disabilities.

Therefore, the purpose of this systematic literature review and meta-analysis was to (i) iden-
tify VO,peax values for Paralympic sitting sports, (ii) examine between-sports differences and
within-sports variations in VO,pear and (iii) determine the influence of sex, age, body-mass, dis-
ability, test-mode and study-quality on VO,cqr. We hypothesized that VO,jcqi values would be
highest in Paralympic endurance sports with continuously high physical efforts over sustained
periods. The lowest VO, values were expected in sports with low levels of displacement and
sports where athletes with large disability-related physiological limitations, such as athletes with
tetraplegia, participate. Furthermore we expected that within-sports variation would be highest
in sitting sports disciplines where athletes with a wide range of disabilities are included.

2. Methods

We conducted a systematic literature review and meta-analysis in accordance with the Pre-
ferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines [15].
Additionally, we registered the study protocol a priori in the International Prospective Register
of Systematic Literature Reviews (PROSPERO) under the following registration number:
CRD42015025134.

2.1 Eligibility criteria
Athletes with a physical disability above the age of 15, who were participating in sitting sports,
were eligible for inclusion. An athlete was defined as a person who participates “[...] in an
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organized team or individual sport requiring systematic training and regular competition
against others [...]”[16] at least on a national level. This rather broad definition may have
resulted in the inclusion of some athletes that cannot be considered “elite”. Athletes with a
cognitive impairment were not included, since we would have not been able the separate the
influence of the cognitive versus the physical disability on VO,peqx. Studies were included if
absolute or body-mass normalized VO, values were directly measured in a standardized
laboratory setting. Studies that measured VO e,k in a field setting were excluded due to lack
of standardization. Only full-text, cross-sectional and intervention studies published in peer-
reviewed journals in English, German or French were considered. Abstracts and conference
proceedings were not eligible due to lack of detailed reporting of methods and results.

2.2 Data sources and search strategy

PubMed, CINAHL (through EBSCOhost), SPORTDiscus™ (through EBSCOhost) and
EMBASE were systematically and independently searched by JKB and BB in October 2016
using relevant medical subject headings, keywords and a Boolean search string. The search
string combined synonyms and MeSH terms (the latter only relevant for our search in
PubMed) of the two parts of the research question: peak oxygen uptake (outcome measure)
and sitting athletes with a disability (population) (see S1 Fig). We decided to construct a broad
search string to limit the potential of missing out on studies meeting our inclusion criteria.
References of the included studies were searched manually and main research groups in the
field were contacted for further identification of studies relevant to the research question.

2.3 Study selection

After eliminating duplicates articles, the titles were screened by JKB and BB. We only excluded
titles that we were certain not to fit in the area of our review topic (e.g. the title being off topic,
the title clearly stating that patients/able-bodied participants were investigated, etc.). Studies
that did not directly mention VO, in their title but were likely to have included it as a sec-
ondary outcome measure, were also included. In a second step, the abstracts of studies deemed
relevant by title were read. Articles considered relevant by abstract, were then read in full-text.
Details on the studies that were included or excluded based on abstract and full-text, and rea-
sons for the excluded studies can be found in attachment S1 Excel file, sheet “study selection”.
All disagreements in the selection process were resolved by discussion between JKB and BB.
The two reviewers were not blinded to the names of the authors of the included studies. If mul-
tiple studies from the same research group included the same data, only the first published
study or the study with the most comprehensive information was included.

2.4 Data extraction

Data on the sports discipline competed in, the characteristics of the participants (number of
participants, sex, age, body mass, type of disability and training status), test mode and peak
oxygen uptake (absolute and body-mass normalized VO,pcqi values) was extracted from the
included studies by JKB with BB cross-checking all the data. Where necessary the unit of the
training data was converted from minutes to hours and from miles to kilometers.

In the absence of a valid allometric scaling method that is generalizable to athletes with dif-
ferent disabilities [17], we chose to extract and report absolute and body-mass normalized
VO,peqk values. When studies did not report absolute VO,pcqx values (L-min"), these were cal-
culated by multiplying the individual body-mass normalized VO,cqx values (converted from
mL to L) by the respective participants’ body mass. When body-mass normalized VOypcqi val-
ues (mL-kg " min™") values were not reported, these were calculated by dividing the individual
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absolute VO,p,eqx values (converted from L to mL) by the individual body mass (in kg'l).
When body-mass was not provided, this was calculated by dividing the individual absolute
VO,peax values (converted from L to mL) by the individual body-mass normalized VO,pea val-
ues. In case of missing individual data, these calculations were not possible and data are not
reported accordingly.

2.5 Assessment of methodological quality

The quality of the included studies was assessed by JKB and BB with a modified version of the
Downs and Black checklist [18]. Modified versions of this checklist have been employed in sev-
eral reviews in the field of sports science, which also mainly used cross-sectional studies for
data retrieval [19-21]. The original checklist comprises 27 items, which are distributed over
five sub-scales: reporting (item 1-10), external validity (item 11-13), bias (item 14-20), con-
founding (items 21-26) and power (item 27) [18]. For the purpose of the present review the
following 12 items were included: 1-3, 5-7, 11, 12, 20-22 and 25. The other items were ex-
cluded since our review did not focus on interventions or differences between groups, where
statistical considerations needed to be made and significance values or power would have been
important. The term ‘patient’ was replaced by participant and ‘treatment’ was interpreted in
the context of testing as described by Hebert-Losier et al [21]. The ‘source population’ was
defined as all athletes with a disability within the respective sports discipline. All items, except
item number 5, were rated as ‘Yes’ (1 point), ‘No’ (0 points) or ‘Unknown’ (0 points). For item
5, sex, age, weight, type of disability and training status were considered to be core confound-
ers [17]. Test mode as well as the time of testing within the season were determined to be sec-
ondary confounders. Item 5 was scored with 2 points if all core confounders were mentioned.
1 point was scored if 4 out of the 5 core confounders and 1 secondary confounder were ex-
plained. ‘No’ or ‘Unknown’ were scored with 0, as described above. As we regarded the core
confounders to be sufficiently assessed in item 5, we chose to in more detail address the de-
termination criteria for VO,peqx in item 25. As no uniform criteria for the determination of
maximal effort exist in a VO, test in an upper-body mode, we defined our own minimum
criteria. In accordance with Leicht et al. [22], these criteria should be viewed as a way to
exclude studies in which maximal effort was clearly not reached rather than to confirm that
VO,pear Was reached. In case studies ‘Not applicable’ (N/A) was added as a fourth option for
items 7, 11, 12, 21 and 22; and items rated as such were excluded from the analysis. The modi-
fied version of the Downs and Black checklist used in this literature review can be found in the
S1 Table. Quality cut-off points were decided on retrospectively and studies were ranked to be
of low (0-5 points), moderate (6-8 points) or good (9-13 points) methodological quality. The
level of evidence for each sports discipline was ranked from unknown to strong by combining
the quality scores of each of the studies included in the respective discipline (see Table 1). The
case studies were excluded from the analysis on level of evidence.

Table 1. Criteria for reporting methodological quality and consistency (adjusted from the criteria provided by
van Tulder et al.[23]).

Level Criteria

Strong Data provided in multiple studies of good methodological quality

Moderate | Data provided in multiple studies of moderate methodological quality OR in one study of good
methodological quality

Limited Data provided in one study of moderate methodological quality

Very Data provided in one study of low quality

limited

https://doi.org/10.1371/journal.pone.0192903.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0192903  February 23,2018 5/25



@PLOS ‘ ONE

VO2peak in Paralympic sitting sports

2.6 Statistics
All data are presented as means + standard error (SE) and 95% confidence intervals (CI) unless
specified otherwise. A meta-analysis, which is defined as “[. . .] the use of statistical techniques

to integrate and summarize the results of included studies.”[15], was performed by grouping
together studies that determined VO,pcq1 in the same sports discipline. Sports discipline
means were calculated in Microsoft Excel 2016 (Microsoft Cooperation, Washington, USA) by
pooling study means by the random effects approach described more in detail by DerSimonian
and Laird [24]. In connection to this, TETRA athletes were previously shown to display signifi-
cantly lower VO, values compared to athletes with other disabilities [25, 26]. Therefore, to
lower the variation around the mean and to increase the sensitivity of the statistical tests, only
the studies where it was possible to remove the VO,pcqi data from TETRA athletes were
included in the pooling procedure. The only exception was wheelchair rugby where all athletes
included had TETRA and all studies in this sports discipline were pooled.

Between-sports differences were analyzed in Microsoft Excel by a one-way ANOVA with
Tukey-Kramer Q tests to localize pair-wise differences based on study means and pooled study
variances. An o level of 0.05 was employed to indicate statistical significance. To investigate
the influence of each of the included studies on the VO,,cqx values presented for the different
sports disciplines, leave-one-out sensitivity analyses were performed in Stata 14.2 (StataCorp
LLC, Texas, USA). Furthermore, cumulative meta-analyses were conducted to investigate pos-
sible VO,peak changes as a function of time for each of the sport disciplines.

A meta-regression was performed in Stata 14.2 to investigate the relationship between abso-
lute and body-mass normalized VO,p.x values, respectively, and the following 11 factors (lev-
els of categorical factors are presented in brackets): age, body mass, percentage of men in each
study (%Men), percentage of athletes with tetraplegia (%TETRA), paraplegia (%PARA), an
amputation (%AMP), spina bifida (%SB), poliomyelitis (%PM) and athletes with other disabil-
ities (%LA), test mode (arm crank ergometry (ACE), wheelchair ergometry (WERG) and
wheelchair treadmill (treadmill) and study quality (moderate, good). Studies that provided
information on all factors either as group or individual athlete data were used in the meta-
regression. Because of too few studies with complete information, individual athlete data was
included where the standard error was replaced by the standard deviation of all participants
within each respective study. The levels “poling” and “handbiking” for the factor test mode
and the level “low” for the factor study quality were excluded from the meta-regression. This is
due to these levels providing only few data points for each factor. Baseline levels for dummy
coding the two categorical factors test mode and study quality were “ACE” and “good”, respec-
tively. Only factors that significantly contributed to the model and decreased the Tau® estimate
were included in the final meta-regression model. Before performing the meta-regression anal-
yses, the variables were checked for multicollinearity.

A pooled-data multiple regression analysis was performed in IBM SPSS Statistics 24.0
(SPSS Inc., Chicago, USA) to investigate the relationship between absolute and body-mass
normalized VO,;,c,i values, respectively, and the following six factors (levels of the categorical
factors are presented in brackets): age, body mass, sex (male, female), disability (TETRA,
PARA, amputation (AMP), spina bifida), test mode (ACE, WERG, treadmill) and study quality
(low, moderate, good). Pooled data of studies that provided individual athlete data on all fac-
tors was used in the multiple regression analysis. Excluded from the regression analysis were
the levels Les Autres and poliomyelitis for the factor disability, and poling and handcycling for
the factor test mode. This is due to these levels comprising less than five percent of the data
points of these two factors. Study quality was not entered in the multiple regression analysis as
a factor due to too few data points with the level “low” and “good”. Baseline levels for dummy
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coding the three categorical factors disability, test mode and study quality were “PARA”,
“ACE” and “good”, respectively [27]. Only factors that significantly contributed to the model
and increased the adjusted R* were included in the final regression model. Before performing
the regression analyses, the data set was checked for outliers and multicollinearity, and each
variable was tested for normality and homoscedasticity of residuals.

Sports discipline was not included in the meta-regression and multiple regression analyses
due to multicollinearity with several of the other included factors. Furthermore, only data in
the sports disciplines wheelchair basketball, wheelchair tennis, wheelchair racing and wheel-
chair rugby was included due to too few data points in other sports disciplines.

All figures and tables including information on VO,peax values are arranged according to
absolute VO,peqx values from highest to lowest values.

3. Results
3.1 Study selection and characteristics of included athletes

The systematic search resulted in 6542 studies. After removal of duplicate articles and the sub-
sequent screening process, 57 full text studies were included. These 57 studies reported
VO,peqk values in 771 athletes from 14 different Paralympic sitting sports disciplines (Fig 1).
Athletics was divided into its two sub-disciplines, throwing disciplines and wheelchair racing
due to the distinct differences in movement demands. No VO, values were reported for
wheelchair boccia, para-canoeing, para-equestrian, para-rowing, para-sailing, sitting volley-
ball, para-triathlon, and para-biathlon.

3.2 Methodological quality

Agreement on all assessed quality items was reached by JKB and BB. Four studies were ranked
as having low and 6 studies as having good methodological quality (52 Table). No quality label
was attached to the 2 included case-studies. The remaining 45 studies were regarded to have
moderate methodological quality. The quality of the studies that are included in each sports
discipline determines the level of evidence of the VO, values.

3.3 Between-sports differences

Mean absolute and body-mass normalized VO,peqi + standard error (SE) of the sports disci-
plines ranged from 2.9 + 0.3 L-min "' and 45.6 + 5.1 ml-kg""-min"" in Nordic sit skiing to 1.4 +
0.2 L-min" and 17.3 + 3.5 ml-kg"-min"" in shooting and 1.3 + 0.1 and 18.9 + 1.6 in wheelchair
rugby. In Table 2 an overview of absolute and body-mass normalized VO, values of all
sports disciplines with more than one study with at least 3 participants is provided. In this over-
view, several factors, such as sex, age, body mass, type of disability, training status and test
modes are grouped together. Table 3 and the regression analyses provide details on the influ-
ence of these factors on absolute and body-mass normalized VO pcqx. In the sports with a strong
level of evidence and a large number of included studies (wheelchair basketball, wheelchair rac-
ing and wheelchair rugby), leave-one-out analyses, examining the effect of each of the included
studies, did not have a great impact on neither absolute nor body-mass normalized VO peqx val-
ues (S1 Excel file, sheet “Metalnf Output”). However, in sports with a low level of evidence and
few included studies, omitting some of the studies had a larger impact on the VO,pcqi values.
With regards to the cumulative meta-analysis, wheelchair basketball and wheelchair racing
showed a relatively stable VO, OVer time, whereas wheelchair rugby showed a trend towards
an increase in VOypeqi (S1 Excel file, sheet “MetaCum Output”). For all other sports, changes
over time could not be investigated due to the few number of included studies.
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VO,peq values for 14 Paralympic sitting sports
Nordic sit skiing (#3)

Ice sledge hockey (#2)
Handcycling (#3)

Throwing (Athletics) (#1)
Wheelchair basketball (#20)
Alpine skiing (#3)

Wheelchair tennis (#8)

Wheelchair racing (Athletics) (#22)
Wheelchair fencing (#2)

Archery (#3)

Wheelchair curling (#1)
Wheelchair table tennis (#2)
Shooting (#3)

Wheelchair rugby (#11)

Fig 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flowchart depicting the study
identification, screening, eligibility and inclusion process. The sports disciplines presented in the box at the bottom are
ranked according to their absolute peak oxygen uptake (VOpeal) values, from highest to lowest. * Note that 1) some of the
studies provide values for more than one sports discipline and 2) athletics was divided into throwing events and wheelchair
racing due to the distinct differences in movement demands between these two sub-disciplines.

https://doi.org/10.1371/journal.pone.0192903.g001

3.4 Within-sports variations

Within-sports variations in absolute and body-mass normalized VOypcqi Values, based on CI
ranges (Table 2), were relatively small in wheelchair basketball (0.4 L-min™ and 7.2 mL-kg -
min""), wheelchair racing (0.6 L-min"" and 7.4 mL-kg™"-min™") and wheelchair rugby (0.4
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Table 2. Overview of absolute and body-mass normalized peak oxygen uptake (VOpeai) (mean + SE [95% CI]) and level of evidence within the separate sitting
sports disciplines. Sports disciplines are presented in order of absolute VOyyc.i Values, from high to low.

Number of Absolute VOypearc Number of Body-mass normalized VO,jcar Level of
athletes + SE (L-min™") [95% CI] athletes + SE (mL-kg "-min™") [95% CI] evidence

1 | Nordicsit skiing | 24 2.9 +0.3 [2.2-3.5]WBAS WL WRAWE {5y 45.6 + 5.1 [35.6-55.6] 1O WB AS WL WRA g derate
WTT, SH, WRU ‘WF, WTT, SH, WRU

2 | Paraice hockey 46 2.7 +0.3 [2.0-3.3]A% WT WRA, WE WIT, | - limited
SH, WRU

3 | Hand cycling 30 2.6+ 0.2 [2.2-3.1]AS W WRA, WE WTT, | 3 36.0 + 4.3 [27.4-44.5] NS WRA WE WTT SH | 1 derate
SH, WRU ‘WRU

4 | Wheelchair 209 2.5 +0.1 [2.3-2.7] NS AS WI WRA. WE. | 15 34.5+ 1.8 [30.9-38.1] N WRA WE WIT SH, 1 g0

basketball WTT, SH, WRU ‘WRU

5 | Alpine sit skiing 21 2.3 +0.2[1.9-2.7] NS PIH HG WIT. SH. | 59 33.1 + 4.8 [23.6-42.5] NS WRA. SH, WRU moderate
WRU

6 | Wheelchair tennis | 23 22+0.2[1.8-2.6] NS PIHLHG WIT. SH. | 53 33.0 + 2.3 [28.6-37.4] NS WRA. SH, WRU strong
WRU

7 | Wheelchair racing | 179 2.2 +0.2 [1.9-2,5] N PILHC WB WIT. 170 39.6 4 1.9 [35.9-43.3] NS HC WB AS, WEWE 1 g0
SH, WRU ‘WTT, SH, WRU

8 | Wheelchair fencing | 10 2.2 +0.5[1.2-3.1] NS PIHL HG SHAWRU - 31.0 + 3.8 [23.4-38.6] N WRA. SH. WRU moderate

9 | Wheelchair table 7 1.8 + 0.7 [0.5-3.1] NS PIIL HC. WB 7 29.2 + 8.7 [12.0-46.3] NS WRA. SH. WRU moderate

tennis

10 | Shooting 8 1.4 + 0.2 [1.0-1.9] NS PIHL HC WB, AS, 8 17.3 + 3.5 [10.3-24.2] NS HC WB AS WL WE 1 )y derate
WT, WE, WRA WTT

11 | Wheelchair rugby | 114 1.3 0.1 [1.1-1.5] NS PIH. HC, WB, AS, 95 18.9 + 1.6 [15.9-22.0] NS HE WB AS WL WE | 4616/
WT, WE, WRA, WTT WTT moderate

Labels in superscript indicate significant differences to the respective sports discipline

The level of evidence with two attributes refers to absolute/body-mass normalized mean values, respectively. The results of the assessment of methodological quality
need to be considered cautiously given the lack of empirical evidence that supports these. Note: several factors such as sex, age, body mass, disabilities, training status
and test modes are grouped together in this overview table. Data of athletes with TETRA was excluded from the calculations of all sports discipline means except for

wheelchair rugby.

https://doi.org/10.1371/journal.pone.0192903.t002

L-min™" and 6.1 mL-kg"-min™"), but above 0.6 L-min ™" and 7.5 mL-kg""-min" for the remain-
ing sport disciplines. CT’s for absolute and body-mass normalized VO,peqx values could not be
reported for throwing, wheelchair curling and archery, and for body-mass normalized values
in Para ice hockey, as only one study with a sample size of more than two athletes was included
for each of these sports disciplines.

3.5 Meta-regression analyses

The meta-regression analyses, based on 35 studies that provided data of 26 sub-groups and
171 individual athletes in 4 different sports disciplines (wheelchair basketball, wheelchair rac-
ing, wheelchair tennis and wheelchair rugby), resulted in the following two equations as the
best predictions of absolute (1) and body-mass normalized (2) VOypear Vvalues.

Absolute VO,

= 0.93 + body mass, - 0.01 + %Men, - 0.01 + %TETRA, - —0.01 + WERG, - 0.29
+ treadmill, - 0.22 (1)

The factors included in Eq (1) all significantly contribute to the model (all p < 0.001) and
explain 77% of the variance in absolute VO, The coefficients presented in the model are
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Table 3. Data extraction of number of male and female participants, absolute and body-normalized VO,peax values, age, body mass, type of disability, training sta-
tus, exercise mode, and methodological quality of each of the studies included in this systematic literature review on peak aerobic capacity between and within Para-
lympic sitting sports. Mean age and body mass + SE are presented of each sports discipline are presented in the grey lines.

Author and year of | Total Male Female | Absolute Body-mass Age +SD Body Disability Training Test mode Methodological
publication number of |athletes |athletes | VO, | normalized (grey lines: | mass + SD status and protocol | quality
athletes SD VOspea £ SD | £ SE) (grey lines:

(L'min") | (mL-kg"-min" +SE)
—
Bernardi et al. (2010) | 5 5 0 33+03 51.9+6.9 39.6+£7.0 64.6 4.8 3PARA,2 ns ACE (R) good
[ PM
Bernardi etal. (2012) | 16 16 0 29+05 46 £9.8 41+6.7 63.6 £6.3 3 AMP, 4 ns ACE (R) low
(6] PM, 9 ns
Bhambhani et al. 3 2 1 23+04 34.7+£9.3 44 +10.5 67.1 £8.8 3 PARA ns Poling (R) moderate

(2012) [28]*

Bernardi et al. (2012) | 34 34 0 25+04 324+6.1 38+6.8 78 +11.4 20 AMP, 2 ns ACE (R) low
(6] SB,2PM, 1
LA, 9 ns
Sandbakk et al. 12 12 0 28+03 - 28+9.0 74.0 +10.0 | 12ns 491 + 112 Poling (R) moderate
(2014) [29] hrs/year
Fischer et al. (2014) 12 6 1 22+06 31.7+82 424 +5.1 68.1+75 7 PARA 63+29 Handbike moderate
[301* hrs/week (R)
4 1 2.1+0.6 32+7.1 42.8+45 64.4+58 5PARA 6.6+2.6

hrs/week
Knechtle et al. 8 ns ns 26+04 37.5+7.3 38.6+5.9 71.4+84 6 PARA, 2 ns Handbike (S) | moderate
(2004b) [31] AMP
Lovell et al. (2012) 10 10 0 32+04 40.4+55 40.8 £ 7.6 80.3+£7.8 9 PARA, 1SB | 230 + 57 ACE (R) moderate

[32]* km/week

Gass & Camp (1979)

[33]

Bernardi et al. (2010) | 13 13 0 27£05 36.9+3.7 308+72 73.5+9.3 7 PARA, 4 ns ACE (R) good
(21 AMP, 2 PM
Bloxham et al. (2001) | 6 6 0 2.6+0.6 37.6+6.7 26+59 69.1£9.5 3AMP,3SB | ns WERG (S) low
[34]
Coutts et al. (1990) 3 3 0 26+04 346+39 32+95 74.5+15.0 |2PARA, 1 ns WERG (R) low
[35]** PM
Croft et al. (2010) 6 4 2 3.0+09 39.8+54 26.7+55 74.1+182 | 3PARA, 1 15.8+3.7 Treadmill moderate
1361 SB,2LA hrs/week | (R)
de Lira et al. (2010) 17 17 0 1.9+04 30.8+6.1 254+44 63.9+154 | 7PARA,2 ns Treadmill (S) | moderate
[37]* AMP, 8 PM
Dwyer & Davis 13 0 13 1.7+04 26.8+53 26+6.0 62.5+95 13 ns ns ACE (R) low
(1997) [38]
Goosey-Tolfrey & 1 0 1 1.6 - 22.0 60.0 1 PARA ns WERG (S) moderate
Tolfrey. (2004) [39]*"
Goosey-Tolfrey etal. | 12 12 0 28+05 - 323+4.6 74.7 + 144 | 7PARA, 1 20 hrs/week | WERG (S) good
(2005) [40]* AMP, 2 SB, 2
PM

Goosey-Tolfrey & 24 2 0 22+02 - 35+1.0 758+149 | 2ns ns WERG (S) moderate
Tolfrey (2008) [41]

- 11 0 25+02 - 28+5.0 71+£8.7 11 ns ns WERG (S)

- 4 0 23+0.1 - 32+3.0 70.7 +5.8 4 ns ns WERG (S)

7 0 33+03 - 28+7.0 79.2+10.0 |7ns ns WERG (S)
Goosey-Tolfrey etal. |17 9 0 27+05 - 29+9.0 703+12.6 | 9ns 14.9 + 1 hrs/ | Treadmill (I) | good
(2014) [42] week
(Continued)
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Table 3. (Continued)

Author and year of | Total Male Female | Absolute Body-mass Age +SD Body Disability Training Test mode Methodological
publication number of |athletes |athletes |VO,,cac* | normalized (grey lines: | mass + SD status and protocol | quality
athletes SD VOspea £ SD | £ SE) (grey lines:
(L-min™") (mLkg"-min" + SE)
1
)
- 8 0 38+03 - 27+8.0 84.8+10.7 |6 AMP,2LA | 14+ 3hrs/ Treadmill (I)
week
Griggs et al. (2015) 8 7 1 1.9+0.5 e 27.8+6.2 67.7+13.1 | 8 PARA 16 + 2 hrs/ Treadmill (S) | low
[43)* week
Knechtle & Knopfli. 10 10 0 25+04 354+45 294+63 72.8+16.9 | 7PARA,1 ns Treadmill (I) | moderate
(2001) [44]%*" AMP, 1 PM,
1LA
1 0 2.8 38.3 21 84 1 TETRA ns Treadmill (I)
Leicht et al. (2012) 9 9 25+03 349+5.1 30.6+9.0 719+12.6 | 9PARA 11.6 +4.1 Treadmill (I) | good
[45]* hrs/week
Leicht et al. (2014) 9 8 1 2.1+£05 32.8+10.3 262+5.6 64.1 £10.4 | 8 PARA, 1 10.6 5.5 Treadmill (S) | moderate
[46] LA hrs/week
Rotstein et al. (1994) | 8 8 0 20+07 263+75 31.3+9.5 76.1 £20.4 | 4PARA,2 ns ACE (R) moderate
[47]"* AMP, 1 PM, /Treadmill
1LA @
Schmid et al. (1998) 13 0 13 - 33.7+£52 27.8+56 56.5+6.8 9PARA,4ns | 7.6+2.1 WERG (R) moderate
[48] hrs/week
vd Woude et al. 5 0 5 1.5+0.7 - 30.8+6.3 67.6+184 |5LA 84+55 WERG (R) moderate
(2002) [26] hrs/week
Vanlandewijk et al. 40 13 0 1.9+0.5 29.7 £ 8.6 29.6 +4.8 65.5+12.6 |12PARA,1 [45+1.7 Treadmill (S) | moderate
(1994) [49]* PM hrs/week
- 14 0 24+04 36.3+9.3 329+84 70.7+12.4 | 8PARA,1 6.4+34 Treadmill (S)
SB, 5 PM hrs/week
- 13 0 26+03 37.9+52 328+72 67.9+122 | 2PARA,3 55+17 Treadmill (S)
AMP, hrs/week
1SB,7 PM
Veeger et al. (1991) 11 11 0 2.7+0.6 37.9+6.9 29+3.5 72+9.4 11 ns ns Treadmill moderate
[50] (S-1)
Zacharakis et al. 8 8 0 1.7 +0.1 - 314+84 72.8+8.5 1TETRA,7 | ns WERG (R) moderate
(2012) [51]%* PARA
Bernardi et al. (2012) | 15 15 0 23+04 31.3+6.7 33.1+4.2 759+ 154 | 1SB, 14 ns ns ACE (R) low
2]
Gass & Camp (1979) |3 3 0 1.6 0.5 30.6+9.7 - 524+53 2PARA, 1 35+22 Treadmill good
[33] PM hrs/week (S-)
Goll et al. (2015) [52] |5 0 2 1.8+0.2 445+49 18.5+0.7 40+0.0 2ns ns ACE (R) moderate
- 3 0 24+02 35+3.6 31+59 69.0+10.0 |3ns ns ACE (R)
Bernardi etal. (2010) | 4 4 0 23403 33.1+£29 3854103 | 68.5+8.4 4PARA ns ACE (R) good
21
Croft et al. (2010) 6 4 2 2.1+07 31+6.6 23+82 65.8+18.1 | 3PARA,3 147+7.8 Treadmill moderate
[36]"" LA hrs/week (R)
Diaper & Goosey- 1 0 1 2.0 39.5 33.0 50.1 1PARA ns WERG (S) -
Tolfrey (2009) [53]
Goosey-Tolfrey & 3 0 3 1.7£0.5 324+7.0 287+59 51.0 £ 8.4 3PARA ns WERG (S) moderate
Tolfrey (2004) [39]""
Goosey-Tolfrey etal. | 4 4 0 1.0£03 14.9+26 30+4.3 683+79 4 TETRA ns ACE (R) moderate
(2006) [54])5+"
Goosey-Tolfrey etal. |8 7 1 1.9+0.7 - 27.2+69 683+17.9 |2TETRA,3 | ns WERG (S) moderate
(2008) [55)%* PARA, 1 SB,
2LA
Roy et al. (2006) 6 6 0 2.1+05 27.5+6.5 40.2+9.8 77.5+155 | 5PARA, 1 8.7+33 ACE (R) moderate
[56]*" AMP hrs/week
(Continued)
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Table 3. (Continued)

Author and year of | Total Male Female | Absolute Body-mass Age +SD Body Disability Training Test mode Methodological
publication number of |athletes |athletes |VO,cac* | normalized (grey lines: | mass + SD status and protocol | quality
athletes VOypeax £ SD | £ SE) (grey lines:
(L-min™") (mL kg -min" + SE)
1
)
Vinet et al. (1996) 4 4 0 24+02 349+1.8 28+5.0 67.8£5.7 4 PARA 4.8+ 1.0 Treadmill (S) | moderate
[57)" hrs/week

Bernardi et al. (2010) | 6 6 0 24+07 344+58 31.8+54 68.3+7.0 4PARA, 1 ns ACE (R) good
2] AMP, 1 PM
Veeger et al. (1991) 5 4 0 2.0+04 29.2+3.6 32+33 70.0+10.2 | 4ns ns Treadmill moderate
[50] (S-1)
- 0 1 12 - - - 1ns ns Treadmill
(8-

Bernardi et al. (2010) | 6 6 0 3.1+03 48.1+6.4 30.2+7.0 64.0+7.2 5PARA, 1 ns ACE (R) good
[21* AMP
Bhambhani et al. 8 8 0 14+04 19.8+4.3 31.8+6.9 72.1+6.9 8 TETRA ns WERG (S) moderate
(1995) [58]"+"
Campbell et al. (2004) | 20 3 0 13+0.2 - 34+8.0 67.5+3.2 3 TETRA 5.4 hrs/week | Treadmill (I) | moderate
[25]%*

- 2.1+06 - 32+6.0 67.8+7.6 8 PARA 5.4 hrs/week | Treadmill (I)

- 22+05 - 30+8.0 62.8+10.9 | 9PARA 6.0 hrs/week | Treadmill (I)
Cooper et al. (1992) 11 11 26+03 39.8+4.2 30.9+6.1 66.0 + 6.4 10 PARA, 1 7.9  hrs/ WERG (S/R) | moderate
[591*" SB week
Cooper et al. (1999) 7 6 1 281038 41.0+11.9 31.7+49 68.8+6.2 7 PARA ns ACE (R) moderate
[60]>** JWERG (R)

1 1.4 +0.6 224+76 283+25 61.2+12.4 |3 TETRA ns WERG (R)
Coutts & Stogryn. 4 4 27+09 41+9.9 268+ 4.4 712+16.7 | 3PARA, 1 ns WERG (R) moderate
(1987) [61]*" PM
1.0 +£0.02 17.1+0.3 250+ 1.4 59.4+0.3 2 TETRA ns
Coutts et al. (1990) 31+£05 52.7+78 25.7+£4.0 58.5+8.0 2PARA, 3 ns WERG (R) low
(35" AMP, 1 PM
Crews et al. (1982) 4 4 0 22+0.1 309+7.1 28.8+3.7 733+37 3PARA, 1 72.4+33.8 Treadmill (S) | moderate
[62]*" AMP km/week
Gass et al. (1979) 4 4 0 23+06 38.4+9.5 - 61.3+6.5 4 PARA 41+18 Treadmill good
[331° hrs/week (S-T)
1.1 19.4 g 54.6 1 TETRA 1.5 hrs/week

Gass et al. (2002) 4 4 1.1+03 16.7 +3.5 38+4.6 68.7+12.0 |4 TETRA ns Treadmill moderate
[63]5%1 (s1)
Goosey-Tolfrey & 8 7 1 25+05 37.8+79 29.9+8.0 68.0+11.4 | 7PARA,1SB | ns Treadmill (I) | moderate
Campbell (1998)
[64]*"
Goosey et al. (2000) 8 8 0 26+04 43.0 +£10.6 26+83 61.7+11.6 | 3PARA,5SB | ns WERG (S) moderate
(65"
Goosey-Tolfrey & 5 0 5 1.8+0.5 339+38 29+76 52.5+14.5 | 1PARA, 1 ns WERG (S) moderate
Tolfrey (2004) [39]"" AMP, 3 SB
Hooker & Wells 7 6 1 27+05 431+74 35+6.1 61.6+5.7 7 PARA specifiedin | ACE (R) moderate
(1992) [66]* article
Knechtle et al. 8 6 2 25+0.5 41.2+6.5 34.8+6.3 59.6 £5.5 5PARA, 2 ns Treadmill (S) | moderate
(2004a) [67]"" SB, 1 PM

1 1 0 1.8 32.7 51.0 56.0 1 TETRA ns
Morris (1986) [68] 1 0 14 21.1 25.0 65.5 1 PARA 80.5 km/ ACE (R) 5

week
O’Connor et al. 6 6 0 23102 36.2+5.5 27.5+49 64.1 £8.0 6 PARA ns WERG (S) moderate
(1998) [69]*"
(Continued)
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Table 3. (Continued)

Author and year of | Total Male Female | Absolute Body-mass Age +SD Body Disability Training Test mode Methodological
publication number of |athletes |athletes |VO,cac* | normalized (grey lines: | mass + SD status and protocol | quality
athletes SD VOypeax £ SD | £ SE) (grey lines:
(L'min") | (mL-kg"-min" + SE)
1
Perret et al. (2012) 8 7 1 2.8+0.7 - 32.8+122 |59.1+11.0 |6PARA,2SB | ns Treadmill (S) | moderate
[7or*
Shiba et al. (2010) 4 ns ns 1.9+04 369 +4.3 31.5+9.0 52.0 £8.2 4 PARA ns WERG (I) moderate
71
Tolfrey et al. (2001) 16 16 0 24+05 412+92 28.1+83 60.6+11.0 | 8 PARA, 1 ns WERG (S) moderate
(7215 AMP, 6 SB, 1
PM
vd Woude et al. 48 3 0 0.7 +0.4 - 30.7+8.3 61.7+7.6 3 TETRA 113+1.2 WERG (R) moderate
(2002) [26]° hrs/week
- 4 0 1.3+03 - 295+72 66.0 £9.3 4ns 158+7.2 WERG (R)
hrs/week
- 8 0 20£03 - 314+28 62.1+88 8 ns 13.5+ 3 hrs/ | WERG (R)
week
- 23 0 23+04 - 27+54 59.9+11.8 | 23ns 159+7.3 WERG (R)
hrs/week
- 0 4 0.7+0.2 - 29+29 46.0 £ 4.1 4ns 13.4+33 WERG (R)
hrs/week
- 0 3 1.3+0.1 - 26+5.6 523+10.1 |3ns 13.8+6.8 WERG (R)
hrs/week
- 0 3 12+02 - 23+35 51.3+8.1 3ns 12525 WERG (R)
hrs/week
Vinet et al. (1996) 5 5 0 2.7+06 43.6+79 29.6 £4.0 632+12.1 | 3PARA, 1 7.8+3.5 Treadmill (S) | moderate
571+ SB,1PM hrs/week
Cooper et al. (1999) 4 4 0 1.9+0.2 222+21 44.0+11.3 | 88.0+129 |3PARA ns WERG (R) moderate
l601*
1 1 0 0.9 14.9 35 61.7 1 TETRA ns
Gass & Camp (1979) |2 2 0 1.6+0.3 383+4.1 41.9£2.5 o 2PARA 11+ 9.2 hrs/ | Treadmill good
33] week (S-I)
Veeger et al. (1991) 2 1 0 1.4 17.5 47.0 80.0 1ns ns Treadmill moderate
[50] (S-1)
- 0 1 1.2 - - - 1ns ns Treadmill
(8-

Bernardi et al. (2012)

(6]

Cooper et al. (1999) 3 1 2 17+1.1 265+11.5 26+12.2 62.4+12.0 | 3PARA ns ACE (R) moderate
[60]* /WERG (R)

1 1 0 0.96 12.2 38 78.69 1 TETRA ns WERG (R)
Veeger et al. (1991) 4 4 0 1.8+0.2 30.7 £ 6.5 34+ 119 60.0£5.9 4 ns ns Treadmill moderate
[50] (8-
Castle et al. (2013) 5 3 2 12+04 - 402+1.8 69.7£7.4 1TETRA,2 | ns ACE (R) moderate
[73]%* PARA, 1 SB,

1PM

Cooper et al. (1999) 4 2 2 1.5+0.2 179+2.7 448 £8.5 86.8+£20.9 | 4PARA ns ACE (R) moderate
[60]™* /WERG (R)

1 0 1 0.72 7.6 52 94.7 1 TETRA ns WERG (R)
Veeger et al. (1991) 8 4 0 1.3+03 163 +4.5 37+5.1 83.0+18.4 |4ns ns Treadmill moderate
[50] (S-1)

- 0 4 13 - - - 4ns ns Treadmill

(1)
(Continued)
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Table 3. (Continued)

Author and year of | Total Male Female | Absolute Body-mass Age £ SD Body Disability Training Test mode Methodological
publication number of |athletes |athletes |VO,,cac* | normalized (grey lines: | mass + SD status and protocol | quality
athletes SD VOspea £ SD | £ SE) (grey lines:
(L-min™") (mL kg -min" + SE)
1
WHEELCHAIR 114 110 4 299+ 1.7 704 £3.5
RUGBY
Barfield et al. (2010) | 9 9 0 1.1+£04 16.0 £4.7 327+78 682+152 | 9TETRA 11.4+104 ACE (R) moderate
[74]"* hrs/week
Domaszewska et al. 14 14 0 1.3+0.3 17.8 £5.0 34.4 72.2 14 TETRA ns ACE (R) moderate
(2013) [75])*
Goosey-Tolfrey etal. | 4 4 0 0.9 +0.1 121+1.8 28.8+3.2 75.0+13.4 | 4TETRA ns ACE (R) moderate
(2006) [54]*"
Goosey-Tolfrey etal. | 9 9 0 1.5+04 - 30+5.0 70.6 +10.1 | 9 TETRA 13 + 3 hrs/ Treadmill (I) | good
(2014) [42]* week
Griggs et al. (2015) 8 7 1 1.6+04 - 27 +4.2 652 +44 8 TETRA 11 6.4 hrs/ | Treadmill (S) | low
43]* week
Leicht et al. (2012) 8 8 0 1.7+04 24.5+49 292+38 67.9+6.7 8 TETRA 13.6 £5.6 Treadmill (I) | good
[451* hrs/week
Morgulec- 30 7 0 1.6 £04 21.1+6.3 31+9.0 757 £82 7 TETRA 4-6 hrs/ Treadmill moderate
Adamowicz et al. week (ns)
(2011) [76]*
- 9 0 1.8+0.5 264 £6.1 31£8.0 69.8+12.4 |9 TETRA Treadmill
(ns)
S 6 0 1.8+0.5 256 £5.6 30£5.0 72.5+14.6 | 6 TETRA Treadmill
(ns)
o 8 0 24%05 302£7.2 32£5.0 814+78 8 TETRA Treadmill
(ns)
Taylor et al. (2010) 7 6 1 12+05 16.9 4.9 30.9+5.1 70.1+13.8 |7 TETRA 11 + 3 hrs/ ACE (R) moderate
1771 week
West et al. (2013) 7 7 0 1.3+03 19.4+38 31.7+4.1 69.3+13.5 | 7TETRA ns ACE (R) moderate
(78]
West et al. (2014a) 8 7 1 1.3+0.3 19+2.1 29+20 67.0£15.0 | 8 TETRA 15 hrs/week | Treadmill (I) | moderate
(791
West et al. (2014b) 10 4 1 1.1+0.2 S 279+6.2 62.2+9.2 5 TETRA 20 hrs/week | ACE (R) moderate
[s0]*
5 5 0 1.1+0.2 5 30.5+5.0 732+133 | 5TETRA ACE (R)

¥ These studies are excluded in the calculation of sports disciplines means of overview Table 2, since they only provide group data which includes data of athletes with
TETRA.

P The data provided in these studies was only partially included of the athletes that had disabilities other than TETRA.

* Studies with data that is used in the meta-regression analyses

" Studies with individual data that is used in the pooled-data multiple regression analyses

Abbreviations: ns not specified, TETRA tetraplegia, PARA paraplegia, AMP amputation, PM poliomyelitis, SB spina bifida, LA Les Autres, ACE arm crank ergometer,
WERG wheelchair ergometer, (S) speed increments, (I) incline increments, (S-I) combination of speed and incline increments, (R) resistance increments

https://doi.org/10.1371/journal.pone.0192903.t003

unstandardized.

Body — mass normalized VO,

= 40.85 + body mass, - —0.12 + %TETRA, - —0.16 + WERG, - 4.54 + treadmill, - 4.22(2)

The factors included in Eq (2) all significantly contribute to the model (all p < 0.001) and
explain 82% of the variance in body-mass normalized VOypcar. The coefficients presented in
the model are unstandardized
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3.6 Pooled-data multiple regression analyses

The multiple regression analyses, based on 22 studies which provided individual data of 169
athletes in 4 different sports disciplines (wheelchair basketball, wheelchair racing, wheelchair
tennis and wheelchair rugby), resulted in the following two equations as the best predictions of
absolute (3) and body-mass normalized (4) VO;pcqi Values.

Absolute VO,

= 1.22 + body mass, - 0.02[0.25] 4 female, - —0.62[—0.25] + TETRA, - —1.09(—0.63]
+ AMI, - —0.29[0.10] + WERG, - 0.36[0.24] + treadmill, - 0.32[0.20]

(Fy 15 = 5252, p = 0.00) (3)

The factors included in Eq (3) all significantly contribute to the model (all p < 0.01) and
explain 65% of the variance in absolute VO,peax. The coefficients presented in the model are
unstandardized [and standardized].

Body — mass normalized VO,

=49.11 + bodymass; - —0.24[—0.26] + female, - —9.79[—0.24] + TETRA,
- —16.52[~0.62] + AMI, - 5.38[0.12] + WERG, - 5.71[0.27] + treadmill, - 4.54[0.18]

(Fg150 = 5250, p = 0.00) (4)

The factors included in Eq (4) all significantly contribute to the model (all p < 0.01) and the
model explain 65% of the variance in body-mass normalized VO ,pcqr. The coefficients pre-
sented in the model are unstandardized [and standardized].

4. Discussion

This systematic literature review aimed to (i) identify VO,peqi for Paralympic sitting sports,
(ii) examine between-sports differences and within-sport variations in VO, and iii) deter-
mine the influence of other factors on VOspeqr. The main finding is that VO,peq values in gen-
eral reflect the sport-specific demands and the type of disability of the athletes who compete in
the respective sitting sports disciplines. VO,pcqi values range from 2.9 L-min™' and 45.6 ml-kg
“.min" in Nordic sit skiing, an endurance sport with a continuously high physical effort over
sustained periods, to 1.4 L-min"" and 17.3 ml-kg""-min™" in shooting, a sport with low levels of
displacement, to 1.3 L-min™' and 18.9 ml-kg"-min " in wheelchair rugby, a sport that includes
athletes with TETRA. Within-sports variation in absolute and body-mass normalized VO,
was relatively small in the sports with high sample sizes and a strong level of evidence, i.e.
wheelchair basketball, wheelchair racing and wheelchair rugby, but above 0.5 L-min™ and 8
mL-kg'l-min'1 in all other sports. Since the VO,,cqi values presented for each of the sports dis-
ciplines include data of athletes that differ in their sex, age, body mass, type of disability, train-
ing status and the mode they were tested in, we additionally conducted regression analyses.
These analyses show that being a man, having an amputation, not being tetraplegic, testing in
a wheelchair ergometer and treadmill mode, were favorable for high absolute and body-mass
normalized VOypeqr values. Furthermore, high body mass was favourable for high absolute
VO,peak values and low body mass for high body-mass normalized VO,peqx Values.

In line with our hypothesis, Nordic sit skiing, an endurance sport with continuously high
physical efforts, was the Paralympic sitting sport with the highest observed absolute and body-
mass normalized VO,pcqi values. Although endurance disciplines by nature require high
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aerobic energy delivery, VO,pqk Values may be particularly high in Nordic sit skiers since they
compete in varying terrain, which requires both high absolute VO,.x values to accompany
the relatively large upper-body muscle mass required to produce sufficient power on flat ter-
rain, as well as high body-mass normalized VOpcqi values to carry their body mass up inclines.
The same applies to their able-bodied counterparts, standing cross-country skiers, who have
shown some of the highest VO,,,,, values among Olympic athletes [9, 81, 82], although
VO,peax values in elite Nordic sit skiers are lower due to less active muscle mass while being
tested in an upper-body mode and the adverse influence of having a disability. For example,
athletes with a SCI display lower VO,pcq1 values, which is mainly related to loss of motor- and
sympathetic nervous system control below the level of injury. Depending on the level and
extent of injury, a SCI is associated with a range of autonomic dysregulations, which amongst
other things attenuates exercise performance [83]. In fact, an inverse relationship between the
level of SCT and VOypear has been found [14]. There is, however, lack of knowledge in terms of
the difference in VO, between the different disabilities represented in Paralympic sitting
sports. Hutzler et al.[84] examined the aerobic power of fifty well-trained individuals with
lower limb impairments including SCI, polio and amputations during arm-cranking tests in a
standardized laboratory setting. It was found that individuals with high and low SCI (above
and below T5, respectively) displayed lower aerobic power compared to individuals with lower
limb amputations [84], which may also reflect a difference in VO, between the SCI and
other types of disability [85].

Even though not significantly different from some of the other sports disciplines, we also
observed relatively high absolute VO, values for Para ice hockey. Although this sport is
characterized by short, repeated sprints requiring maximal power and speed production, aero-
bic capacity was shown to be highly correlated to the maintenance of sprint ability [86]. Fur-
thermore, the high absolute VO,,cqx values in Para ice hockey players may also be related to
their large amount of upper-body muscle mass, which is required to produce power in sport-
specific situations. In addition, the lack of a classification system in Para ice hockey allows ath-
letes to perform on a high international level only if they possess good trunk control and the
influence of disability is minimal, such as in athletes with a low level SCI or a lower limb ampu-
tation. Accordingly, we would have expected a low within-sports variation in the VOypeax val-
ues of Para ice hockey players who are a homogenous group of Paralympic athletes with
respect to gender and disabilities. However, the low number of studies and participants
included in the present review in this sports discipline resulted in a limited level of evidence
and wider confidence intervals for both absolute and body-mass normalized VO,pcqx as com-
pared to sports with a larger number of studies and participants. Therefore, the values pre-
sented might not be representative for the population of Para ice hockey players and we need
to be cautious in our interpretation of VO,pcqx Values in this sport.

Wheelchair racing and handcycling are endurance sports where athletes need to sustain
power over longer periods and, therefore, display relatively high body-mass normalized as well
as absolute VO,pcqi Values. In fact, wheelchair racers in the present meta-analysis were found
to display the second highest body-mass normalized VOypcqx values, which further highlights
the high aerobic demands in this sports. Even though there is some variation within wheel-
chair racing for both absolute and body-mass normalized VOypcqi Values, the relatively large
amount of studies and participants in this sport resulted in a strong level of evidence and in
narrower confidence intervals as compared to other sports disciplines with fewer studies and
participants. The variance that remains can partially be explained by the classification system
that allows athletes with a broad spectrum of disabilities to compete against each other in sepa-
rate classes. For example, in athletes with a SCI, VO,,,c, may be lower compared to athletes
with other disabilities due to lack of sympathetic control to the paralyzed trunk and lower
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limbs [83] and even lower in individuals with a complete SCI above T6, who additionally lack
innervation to the splanchnic area [87]. Moreover, individuals with TETRA and autonomic
completeness of the injury lack sympathetic innervation to the heart and display considerably
lower heart rates than athletes with other disabilities [88]. We, therefore, decided to exclude
studies that included athletes with TETRA from the overview table to limit the variability in
VOypeak- Since all these factors may influence VO,peai, the extent to which disability affects
VO,peqx largely differs between Paralympic athletes, and may explain at least part of the varia-
tion in Paralympic sitting disciplines with different disability classes as compared to disciplines
without. However, very small sample sizes in each of the disability classes, lack of detailed
reporting on disability classes in most of the studies, and a change in the division of classes
over time, prevented us from investigating the effect of disability classes on variation in
VO,pear- Concluding from the above, differences in VOypear values between sports are fairly
well reflected by the sport-specific demands and, therefore, highest in sports with continuously
high physical efforts. However, they are also influenced by the heterogeneity in disabilities
between athletes and the number of studies and athletes within each sports discipline, which in
turn lead to differences in the magnitude of within-sport variations.

Shooting is a sport with low levels of displacement and consequently low aerobic demands.
This was also reflected by the low VO,,cqx values revealed in this sport. However, caution is
warranted in the interpretation of the VO,peqi values in shooting despite a moderate level of
evidence due to wide confidence intervals, as a result of the few studies with small sample sizes
in this sports discipline. In contrast to shooting, the within-sports variation is lower and the
level of evidence strong in wheelchair rugby, which increases our ability to interpret the
VOypeak values in this sport with more accuracy. In wheelchair rugby, a sport only eligible to
athletes with impairments in both the upper and the lower limbs, the low VO, values can
be explained by the extent of the impairment. A study by West et al. [88] found that in athletes
with TETRA physiological responses, including VO, Were lower as compared to other dis-
abilities and varied based on autonomic completeness of the SCI. However, the competitive-
ness has increased in wheelchair rugby and athletes are training more today than previously.
This is likely reflected by the increase of VO,,qx over time in this sport. Maybe the care (e.g.
catheterization) and the access to better-adapted training facilities (e.g. endurance training
equipment such as lying handbikes with supportive handles) and modalities (e.g. electrostimu-
lation while exercising) have improved more over the last years in tetraplegic athletes than in
athletes with other disabilities. Overall, VO,pcqi values are lowest in sports with low levels of
displacement or sports which include athletes with TETRA. However, the certainty in the
interpretation of these values depends on the level of evidence and the within-sports variation,
which are dependent on the amount of studies and sample sizes included in each sports
discipline.

The VOypeak values presented for each of the sports disciplines include data of athletes that
differ in their sex, age, body mass, type of disability, training status and the mode they were
tested in. Therefore, the effect of VOypcq1 Was considered in the meta-regression and pooled-
data multiple regression analyses. These analyses indicate that being a man, having an amputa-
tion, not being tetraplegic, testing in a WERG or treadmill mode, as well as having higher or
lower body mass, respectively, is favorable for high absolute and body-mass normalized
VOypea- The finding that being a man is beneficial for VO,pq is also in line with previous
studies [89, 90]. Tetraplegia may negatively influence VO, due to a small amount of inner-
vated muscle mass and a lack of autonomic innervation as previously discussed. In addition,
that a higher body mass is beneficial for high absolute VO, and lower body mass for high
body-mass normalized VO,pcar Was shown previously [91]. Furthermore, the finding that the
WERG mode resulted in higher VO, values compared to ACE is in line with two previous
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studies [92, 93], although several studies also report no differences between modes [94-97].
The reason for the clear differences between employing WERG or wheelchair treadmill testing
as compared to ACE might be related to the former two modes being more sports-specific for
the athletes included in the regression analyses, who all participated in wheelchair sports.
Smaller coefficients for the WERG and the wheelchair treadmill mode might be expected if sit-
ting athletes of the non-wheelchair sports are tested. The extent to which these coefficients
would decrease is speculative though, as most of the latter athletes are likely using a wheelchair
in at least some parts of daily life. In this context the influence of the test protocol on VO,peax
should also be taken into consideration. During ACE, an increased crank rate led to increases
in test time and VO,peax [98], whereas similar values were found in stepwise as compared to
ramp type protocols [99]. Even though caution is required when drawing conclusions from
the meta-regression and pooled-data multiple regression analysis, our findings provide a point
of departure for understanding the influence of the above-mentioned factors on VO,peqx in
Paralympic sitting sports athletes.

Methodological considerations

VO,peak values were provided for only 14 out of 21 Paralympic sitting sports disciplines. This
is partly due to new sports disciplines being added to the Paralympic games. For example, ath-
letes competed in para-triathlon and para-canoeing for the first time in the Paralympic games
in Rio 2016, and VO,pc.x Values in these disciplines are hence missing. So far, the only sports
where a considerable number of VO,,cqx values was provided with a strong level of evidence
and we can hence conclude with more certainty are wheelchair basketball, wheelchair racing
and wheelchair rugby with 234, 205 and 114 included athletes, respectively. Thus, more studies
and bigger data pools established through international collaborations are required. Alterna-
tively, systematically combining the results of multiple studies in a literature review and meta-
analysis can compensate for the small sample sizes in original studies in the Paralympic field.
However, to allow for more valid analyses, future studies are encouraged to provide sufficient
detail on outcome measures in their abstracts and to provide individual, more detailed anthro-
pometric and training data of their athletes. Furthermore, possible changes in the demands of
the sports and improvements in performance and physiological capacity over the years should
further be elucidated in future studies.

The studies included in the current review vary widely in terms of test equipment, such as
ergospirometers and weighing scales, as well as the test mode, warm-up procedure and test
protocol (stepwise increments in resistance, speed, incline or a combination of speed and
incline). The effect of variations in these factors on upper-body VO,peax in athletes with a dis-
ability remains unclear. To enable a more valid comparison of findings between studies, future
studies should aim at providing enough details on the above mentioned factors and on finding
standardized criteria for determination of VO .,k in upper-body exercise modes.

In case of the present literature review, the consequences of publication bias are not only
related to being able to publish data with significant findings and/or positive findings. It may
also be related to the nature of elite sports where many countries test their best athletes without
publishing this information. The reason may be two-fold, since giving away interesting infor-
mation may help competitors and/or simply because publishing would be too resource
demanding. Furthermore, data of Paralympic athletes might not be published because of a too
low number of participants included to run statistical analyses on the data or due to the tested
athletes not being considered elite, which was especially the case a few decades ago. Therefore,
the average VO,pcqi values presented here might not fully reflect the VO,cqi of medal-win-
ning elite athletes in many of the sports. However, we are confident that in the sports with a
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strong level of evidence (wheelchair basketball, wheelchair racing and wheelchair rugby), the
ranges provided for the VO,p.x values reflect the aerobic capacity of athletes in the respective
sports. Although we limited the effect of publication bias by excluding articles with a complete
overlap of data, we cannot exclude that duplicate data of individual athletes is included in this
review. The likelihood of publication bias is illustrated by the fact that 15 of the articles
included are from the research-group of Goosey-Tolfrey et al.[36, 39-43, 45, 46, 53-55, 64, 65,
72, 79]. Additionally, VO,,cqk Was a secondary measure in many of the reviewed studies. We,
therefore, screened a large amount of abstracts of studies that did not directly mention VO,peax
in their title in order to reduce the possibility to miss articles that could have fit our inclusion
criteria.

A limitation in the present review is that information on training status, which is known to
influence VO,peqr, Was missing in a considerable amount of studies.

In the absence of a valid allometric scaling method for athletes with different disabilities
and across various sports, we provided only absolute and body-mass normalized values in this
review. However, we refer to the studies of Batterham et al. [100] for the challenges surround-
ing the units in which VO, is presented and to Goosey-Tolfrey et al. [17] for the only study
on scaling of VO, i values in athletes with a disability.

5. Conclusion

In the current review, VO,pcqi Values for Paralympic sitting sports were systematically reported
in 14 out of 21 possible sitting sports disciplines. Of these, VO,pcqi Was highest in the typical
endurance sports and lowest in sports with low levels of displacement and in those including
athletes with TETRA. However, the only sports where a sufficient number of VO,peqx values
are combined with a strong level of evidence, thereby allowing us to conclude with more cer-
tainty, are wheelchair basketball, wheelchair racing and wheelchair rugby. In contrast, VO,pear
values should be interpreted carefully in disciplines with limited level of evidence or with only
one study mean and in disciplines with large within-sports variations. Large within-sports var-
iation was found in sports with few included studies and corresponding low sample sizes. The
VO,peqk values presented for each of the sports disciplines include data of athletes that differ in
their sex, age, body mass, type of disability, training status and the mode they were tested in.
The influence of these factors on VO,,c.x Was investigated in regression analyses, which indi-
cated that-in wheelchair basketball, wheelchair racing, wheelchair tennis and wheelchair
rugby athletes-being a man, having an amputation, not being tetraplegic, testing in a wheel-
chair ergometry or treadmill mode, was beneficial for attaining high absolute or body-mass
normalized VOypeqi values. Furthermore, high body mass was favourable for high absolute
VO,peqx values and low body mass for high body-mass normalized VOypear values. In general,
the practical applications of this review are limited due to most sports disciplines having large
within-sports variations in VOypeqi, a limited level of evidence or including only one study
mean. Based on the findings of this study and as a take-home message for future studies, we
encourage the use of standardized determination criteria for reaching VO,p.ax, and the inclu-
sion of more detailed information on training status, sex, age, body mass, type of disability and
testing mode, as well as larger study samples from international collaborations.
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Abstract

Purpose To compare peak oxygen uptake (VOzpeax) and exercise efficiency between upper-body poling (UBP)
and arm crank ergometry (ACE) in able-bodied (AB) and paraplegic participants (PARA).

Methods Seven PARA and eleven AB upper-body trained participants performed four 5-min submaximal stages,
and an incremental test to exhaustion in UBP and ACE. VOgpex was the highest 30-s average during the
incremental test. Metabolic rate (joule/second=watt) at fixed power outputs of 40, 60, and 80 W was estimated
using linear regression analysis on the original power-output-metabolic-rate data and used to compare exercise
efficiency between exercise modes and groups.

Results VOapeak did not significantly differ between UBP and ACE (p=0.101), although peak power output was
19% lower in UBP (p<0.001). Metabolic rate at fixed power outputs was 24% higher in UBP compared to ACE
(p<0.001), i.e. exercise efficiency was lower in UBP. PARA had 24% lower VOzpeak compared to AB (p=0.010),
although there were no significant differences in peak power output between PARA and AB (p=0.209).
Conclusions In upper-body trained PARA and AB participants, VOzpeax did not differ between UBP and ACE,
indicating that these two test modes tax the cardiovascular system similarly when the upper-body is restricted. As
such, the 18% lower peak power output in UBP compared to ACE may be explained by the coinciding lower

efficiency.

Key words: aerobic power; endurance; Paralympic; spinal cord injury; VOamax; VOzpeax
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HR
MR
PARA
PO
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UBP
VE
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Able-bodied participants
Arm crank ergometry

Blood lactate

Heart rate

Metabolic rate

Participants with a paraplegia
Power output
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Overall rating of perceived exertion
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Minute ventilation

Oxygen uptake

Peak oxygen uptake
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Introduction

Peak oxygen uptake (VOqpeak) and exercise efficiency are key factors for endurance performance. In persons who
are primarily able to use their upper-body during exercise, such as many Paralympic athletes, the mode most
commonly used in assessing VOapeak and efficiency is arm crank ergometry (ACE) (Drory et al. 1990; Glaser et
al. 1980; Mossberg et al. 1999; Price et al. 2011; Smith et al. 2006; Smith et al. 2004; Smith et al. 2007; Smith et
al. 2001; Tropp et al. 1997). However, sport-specificity of the test mode has been suggested to be of importance
for achieving VOipeax and efficiency that are reflective of the endurance capacity in the respective sport
(McCafferty and Horvath 1977). For Para ice hockey players, sitting Para cross-country skiers and Para biathletes,
the upper-body poling (UBP) movement is the most sport-specific. However, it has not yet been investigated
whether VOzpeax and efficiency differ between ACE and UBP and if possible differences are caused by the

respective movement of the arms and/or due to different use of the trunk.

In ACE, power is produced by continuous, asynchronous force application, whereas in poling — similarly to the
wheelchair ergometry — power is generated discontinuously, yet in synchronous movements of both hands (Sawka
1986). During ACE, the involvement of the trunk is limited by the asynchronous movement of the hands, whereas
during UBP and wheelchair ergometry the synchronous movement of the hands allows more involvement of the
trunk. A higher VOopeak may, therefore, be expected in UBP and wheelchair ergometry compared to ACE due to
using more muscle mass. However, despite the differences in arm movement and the engagement of the trunk
between ACE and wheelchair ergometry, some studies show no differences in VOapeak values between these two
modes (Arabi et al. 1997; Gass et al. 1995; Gayle et al. 1990; Glaser et al. 1980; Martel et al. 1991; Price and
Campbell 1999b), whereas others report higher values in the wheelchair ergometry mode (Bloemen et al. 2015;
Gass and Camp 1984; Sawka et al. 1980). Furthermore, previous studies have shown that wheelchair ergometry
is less efficient than ACE (Glaser et al. 1980; Hintzy et al. 2002; Mukherjee and Samanta 2001). This is likely
caused by higher coordinative demands of using the discontinuous movement and by production of power during

a shorter portion of each cycle in the wheelchair ergometry mode (Mukherjee and Samanta 2001).

Irrespective of the upper-body mode used during exercise testing, VOapeax Values were found to be consistently

lower in paraplegic (PARA) compared to able-bodied participants (AB) (Hopman et al. 2004; Leicht and Perret
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2008; Price and Campbell 1999a). Although the evidence is currently limited, efficiency in both ACE and

wheelchair ergometry does not seem to differ between PARA and AB (Glaser et al. 1980).

In the current study, we aimed to compare VOapeak and exercise efficiency between ACE and UBP with the upper-
body restricted in both modes in PARA and AB. We hypothesized that VOapear values would be similar in ACE
and UBP, yet lower in PARA as compared to AB. In accordance with the lower efficiency previously found in
wheelchair ergometry, exercise efficiency was expected to be lower in UBP compared to ACE in the current

study.

Methods

Participants

The PARA group consisted of seven (6 men, 1 women) upper-body-trained individuals with a paraplegia and the
AB group of eleven (9 men, 2 women) healthy able-bodied upper-body-trained controls (anthropometrics and
training hours are presented in Table 1). PARA were significantly older and had significantly lower leg lean
muscle mass (LLM) compared to AB (both comparisons, p < 0.004). PARA consisted of an ice sledge hockey
player, two hand-cyclists, a wheelchair curler, a wheelchair judoist and two recreationally trained participants.
AB were sub-elite cross-country skiers who trained 11.5 + 3.2 hours/week, with approximately half of this training
spent in modes including the upper-body. Whereas the total number of training sessions was significantly higher
in AB (7.2 £ 2.9 sessions/week, p = 0.009), training sessions including upper-body exercise did not differ between
AB and PARA (4.5 £ 2.4 vs 4.0 £ 1.9 sessions/week, p = 0.687). The participants were instructed to refrain from
heavy training and alcohol consumption 24 hours before the start of the testing, caffeine intake the day of the
testing and food intake 2 hours before testing. A questionnaire was filled in on each test day to monitor if the
participants followed these instructions, as well as to exclude any prior illness or injury that might interfere with
the testing. Participants provided written informed consent to voluntarily take part in the study and were informed
about the possibility to withdraw from the study at any point in time without providing the reason for doing so.
All procedures performed in studies involving human participants were in accordance with the ethical standards
of the Regional Ethics Committee for Medical and Health Research in Mid-Norway and with the 1964 Helsinki
declaration and its later amendments. The study was retrospectively registered in the Protocol Registration and

Results System (NCT03284086).
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Overall design

The testing consisted of two test days, where participants performed four 5-min submaximal steady-state stages,
an incremental test to exhaustion and a verification stage in UBP or ACE in a counterbalanced order. Tests were
performed at the same time of day in order to minimize the bias of diurnal variation in performance (Atkinson
and Reilly 1996). The time between tests was a minimum of 48 hours and a maximum of 4 days. On a separate

day before or after the testing, body composition was assessed using dual-energy X-ray absorptiometry (DXA).

Test set-up

After being equipped with an oro-nasal mask (Hans Rudolph Inc, Kansas City, MO, USA) and a heart rate monitor
(Polar Electro Inc., Port Washington, NY, USA), participants were tightly strapped into a seat construction, which
consisted of a modified weight lifting bench placed in front of the UBP or ACE ergometer (see Figure 1a and 1b).
The upper-body was fixed during all tests to limit differences in involvement of the trunk between UBP and ACE
as well as AB and PARA. Furthermore, the legs were supported and fixed to minimize leg muscle activation. The
spiroergometer (Oxycon Pro, Jaeger, Viasys BV, Bilthoven, the Netherlands) was calibrated against a known
mixture of gases (15% O3, 5% CO,). The flow transducer was calibrated with a 3-L syringe (Calibration syringe
D, SensorMedics, Yorba Linda, CA, USA). Respiratory parameters were assessed by open-circuit calorimetry,
with expired gases passing through a mixing chamber and being measured continuously. The Concept2 ski-
ergometer (Concept2, Morrisville, USA) was used during testing in the UBP mode. An ErgStick (Endurance
Sports Research Limited, United Kingdom) was connected to the PM4 monitor of the Concept2 ski ergometer
and the application Float (ErgStick Ltd, United Kingdom) continuously recorded power output (PO) and stroke
rate. The ergometer’s software has previously been validated with force and velocity measurements (Hegge et al.
2015). The ACE was custom-made from a road-bike (White, XXL Sport & Villmark AS, Norway) and equipped
with an electronical brake system for indoor cycling (CompuTrainer™, RacerMate®, Inc., Seattle, USA). The
crank axis was aligned with the participant’s shoulder height and the seat positioned so that the participant’s
elbows were slightly bent at maximal reach. The tire pressure was kept stable at six bars and the CompuTrainer™
was calibrated prior to each test session. The in-built software (PerfPRO Studio®, Dynastream Innovations Inc.,

Canada) continuously recorded PO and crank rate.
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Fig. 1 Test set-up with the participant in a sitting position with the upper-body and the legs fixed in front of the
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Concept?2 ski-ergometer (A) and the arm crank ergometer (B)
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Test protocol

Submaximal stages

Prior to testing, participants familiarized themselves with the test set-up by 5 min of arm cranking or upper-body
poling at low intensity (overall rating of perceived exertion (RPE) 8-9). The testing then commenced by
performing four times 5-min submaximal stages at overall RPEs of 9 (very light), 11 (light), 13 (somewhat hard)
and 15 (hard) on a 6-20 Borg scale (Borg 1982). Target RPE at increasing intensities from 9 to 15 (Hegge et al.
2015) was used instead of fixed workloads to ensure that the participants covered a similar range of exercise
intensities relative to their maximal capacity. In the ACE mode, crank rate was self-chosen within 60-90
revolutions per minute, whereas stroke rate in the UBP mode was fully self-chosen.

Oxygen uptake (VO>), respiratory exchange ratio (RER) and minute ventilation (VE) were recorded as 10-s
averages. Heart rate (HR) was recorded every s. PO was recorded every second in ACE, and for every stroke in
UBP and then interpolated at 1-s intervals. After each submaximal stage there was a 2- to 3-min break during
which a 20 pL blood sample was taken from the fingertip and blood lactate (BLa) measured with the Biosen C-
Line Sport lactate measurement system (EKF-diagnostic GmbH, Magdeburg, Germany). Furthermore, overall
RPE was recorded. Steady-state PO, VO», RER, VE, and HR, were calculated by averaging the values during the
last 2 min of each sub-maximal stage. There are three primary ways to describe mechanical efficiency during
exercise: delta efficiency, net efficiency and gross efficiency. In brief, the challenges with net efficiency and delta
efficiency, which are outlined more in detail by Ettema and Loras (2009), concern the assumption that the
processes related to the resting metabolism are independent of the processes associated with producing work. In
comparison, gross efficiency, which is the ratio of PO and metabolic rate (MR), is a theoretically sound concept.
However, it is affected by the diminishing effect of the resting metabolism with increasing PO. Therefore, we also
consider the entire PO-MR relationship to interpret exercise efficiency in the current study.

MR in joule/second (watt) was calculated from VO, and RER by the use of a standard conversion table (Peronnet
and Massicotte 1991). MR was then estimated from the original PO-MR relationship at a PO of 40, 60 and 80 W
using linear regression analyses in Matlab R2016a (MathWorks Inc., Natic, USA). The resulting MR outcomes
were used to investigate exercise efficiency between exercise modes and groups. In addition, gross efficiency was

calculated as MR divided by PO at 40, 60 and 80 W.

Incremental test to exhaustion
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After a 5-min passive break and a 3-min active recovery at the workload equivalent to the first stage (RPE 9), the
participants performed an incremental test to exhaustion. The incremental test started at the individual PO of the
second submaximal stage (RPE 11) (rounded to the nearest 10-watt value) of the respective mode. PO was then
increased by 10 W every 1 min. Termination criteria were a drop in PO and a plateau (3 values with <2 mL-kg"
!-min"! difference) (Taylor et al. 1955) or drop in VO, (> 2 mL-kg'-min’"). BLa was measured 1 and 3 min after
the incremental test. Furthermore, overall RPE was recorded directly after the incremental test. After a 5-min
passive break and a 3-min active recovery, participants performed a verification stage where they directly
increased the workload to the peak PO of the incremental test to verify that no higher VOypeak can be obtained
despite a longer duration spent at high workload (Leicht et al. 2013).

30-s moving averages were calculated for the PO and the respiratory parameters and the highest values were
defined as peak values. 3-s moving averages were calculated for the HR data and the highest value defined as

peak HR. The higher of the two blood lactate values was defined as peak BLa.

Statistics

A linear mixed model with fixed coefficients and random intercept was employed to investigate the effect of
exercise mode, group and exercise intensity on PO, physiological and perceptual parameters during the
submaximal stages and the incremental test. This model investigates the effect of one factor (exercise mode or
group or exercise intensity) while adjusting for the two other factors. The same model was used to investigate the
effect of exercise mode and group on exercise efficiency. Paired-samples T-tests were used to compare gross
efficiency between exercise modes and groups at each of the three POs. An alpha level of 0.05 was used to indicate

statistical significance. IBM SPSS Statistics 24.0 (SPSS Inc., Chicago, USA) was used for all statistical analyses.
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Results

Peak values from incremental test

An overview of the peak values reached during the incremental test is provided in Table 2. During UBP, when
group was adjusted for, participants produced 19% lower peak PO compared to ACE (p < 0.001) but displayed
0.08 higher RER (p < 0.001). PARA had a 24% lower VOazpeax (p = 0.010) and 1.2 higher RPE (p = 0.018)
compared to AB. However, peak PO despite being 14% lower in PARA compared to AB, was not significantly
different between PARA and AB (p = 0.209). A significant interaction in peak VE existed between exercise mode
and group (p = 0.049). When investigating each group separately, AB displayed a trend towards a 22% higher
peak VE in UBP compared to ACE (p = 0.069), whereas in PARA there was no significant difference between

modes (p = 0.804).

Submaximal values

All outcome parameters significantly increased from the first stage (RPE 9) to the fourth stage (RPE 15) (all
comparisons, p < 0.001) (Figure 2a and 2b). During UBP, at a given RPE, participants produced 16% lower PO
(p <0.001) and displayed 7% higher VO (p = 0.005), 9%-point higher % of VOxpeak (p < 0.001), 8% higher MR
(p=10.001), 0.04 higher RER (p <0.001), 19% higher VE (p <0.001), 6% higher HR (p = 0.001), 7%-point higher
% of peak HR (p < 0.001) and 0.50 mmol-L"! higher BLa (p = 0.002) compared to ACE. PARA had a trend
towards 18% lower PO (p = 0.081), and-displayed 20% lower VO, (p = 0.016) and 22% lower MR (p = 0.046).
No significant differences between neither modes nor groups were found in % of peak PO and % of peak VE (all
comparisons, p > 0.689). No significant differences between groups were found in % of VOopear, VE, RER, HR,
% of peak HR and BLa (all comparisons, p < 0.283). Furthermore, no significant differences in RPE at 30, 40, 50

and 60% of VOapeak were found (p = 0.993).

Exercise efficiency

MR was 24% higher in UBP compared to ACE (p < 0.001), i.e. exercise efficiency was lower in UBP (Figure
3A). In line with this, gross efficiency calculated at 40, 60 and 80 W was significantly lower in UBP (10.4 £ 0.9,
11.4+ 0.8 and 12.0 + 0.9) compared to ACE (12.9 + 1.8, 14.0 = 1.8 and 14.7 + 1.9) (all comparisons p < 0.001).

MR was not significantly different between PARA and AB (p = 0.323) (Figure 3B and 3C).
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246 Fig. 2a Power output and physiological parameters at a rating of perceived exertion (RPE) of 9, 11, 13 and 15
247 presented both as absolute values and as percentage of peak. Furthermore, RPE is presented at 30, 40, 50 and 60%
248 of peak oxyen uptake (VOzpear). (Circles represent the UBP mode, squares the ACE mode. Open symbols represent
249 the PARA participants, closed symbols the AB participants)

250  Abbreviation: Oxygen uptake (VO3)
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258  bodied participants (closed squares) in the arm crank ergometry mode
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Discussion

The aim of this study was to compare VOapeax and exercise efficiency between upper-body poling (UBP) and arm
crank ergometry (ACE) in paraplegic (PARA) and able-bodied (AB) participants. As expected, VOopear did not
differ between UBP and ACE, indicating that both modes tax the cardiovascular system similarly. However, there
was an 198% lower peak PO produced in UBP that coincided with the 24% higher metabolic energy at a given
power output (i.e., lower gross efficiency). PARA did not differ from AB in exercise efficiency, but PARA had

24% lower VOzpeak compared to AB.

Differences between UBP and ACE

This is the first study to investigate differences in VOzpeak and exercise efficiency between UBP and ACE. We
found no difference in VOopeak between UBP and ACE, which indicates that — with the upper-body restricted —
the cardiorespiratory system is taxed equally in both exercise modes when working until voluntary exhaustion. In
addition, no differences in peak HR, peak BLa and RPE were found between UBP and ACE, indicating that a
similar level of exhaustion was reached at the end of the tests. However, although the peak aerobic energy delivery
capacity and the ability to reach exhaustion did not differ between exercise modes, peak PO was clearly lower in
UBP compared to ACE. The difference in peak PO is likely explained by UBP being a less efficient test mode,

which is also supported lower efficiency in UBP compared to ACE at submaximal workloads.

The higher MR at a given power (i.e. lower gross efficiency) in UBP may be related to that power is produced in
a discontinuous movement, which includes larger fluctuations in instantaneous power, compared to in ACE where
the movement is more continuous. In line with this, studies comparing wheelchair propulsion to ACE have found
that the discontinuous movement during wheelchair propulsion is less efficient (Glaser et al. 1980; Hintzy et al.
2002; Mukherjee and Samanta 2001). Discontinuous force application has been shown to increase power
fluctuations within strokes, a strategy that costs more for the production of the same PO (Glaser et al. 1980).
Furthermore, in UBP the participants move their arms up against gravity before pulling down on the ropes. This
movement fundamentally differs from ACE where the arms are supported by the cranks throughout the whole
cycle, a movement pattern that has previously been associated with higher exercise efficiency (Mukherjee and
Samanta 2001), arguably due to reutilization of kinetic energy. Altogether, the lower exercise efficiency in UBP

compared to ACE may be explained by the different movement characteristics.

16



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

The percentage of peak PO employed at the various RPE-matched submaximal stages was almost identical
between UBP and ACE. However, UBP showed a higher MR and a trend towards lower absolute PO during each
of'these stages, which is associated with the lower exercise efficiency in UBP. In addition, all related physiological
outcome parameters (e.g., VO2, MR, RER, VE, HR, BLa) were significantly higher at a given RPE during UBP
compared to ACE. Therefore, the greater physiological stress during UBP might be related to differences in local
metabolic responses in the working upper-body muscles, such as a higher local oxygen desaturation and a lower
local muscle blood flow (this is indicated by unpublished data from our research group), in response to the higher
instantaneous power production during each stroke in the UBP compared to the ACE mode. However, further

studies measuring local muscle blood flow and desaturation are needed to investigate this hypothesis.

Differences between AB and PARA

As expected, PARA displayed significantly lower VOzpeax compared to AB, which might partially be due to a
more limited ability to recruit muscle mass during testing. Even though we tried to minimize differences in trunk
and leg stabilization between PARA and AB, we still observed leg muscle contractions in AB especially towards
the end of the incremental test. In addition, VOopeak might be lower in PARA due the inability to redistribute blood
from the paralyzed trunk and lower limbs, which is related to a reduced stroke volume and, at higher exercise
intensities, to a reduced cardiac output (Hopman et al. 1993; Thijssen et al. 2009). In PARA with an injury level
above Tho6, VOapea may be further restricted due to reduced blood redistribution from the splanchnic vascular bed
(Thijssen et al. 2009). Furthermore, the lower VOapeak in PARA may be related to the fact that AB perform more
overall training hours. Whereas the amount of upper-body training did not differ between PARA and AB and the
two groups had a similar amount of muscle mass in the upper-body, AB had twice the amount of overall training
hours due to additional exercise with lower-body and whole-body exercise modes. Additionally, PARA consisted
of a group of athletes from different sports, whereas AB were all cross-country skiers. As such, PARA might be
less specifically trained for the upper-body poling movement, and one might expect the difference in VOzpeax to
be bigger in UBP as compared to ACE. However, differences in VOzpea Were similar between PARA and AB
both in UBP and ACE. This indicates that, when the upper-body is restricted, sports-specificity does not seem to

have a major effect on VOzpeak.
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There was no difference in MR at a given PO between PARA and AB, indicating that PARA were equally efficient
as AB. In addition, AB had a higher VO, but also a comparably higher absolute PO at all RPE-matched
submaximal stages. Hence, as a percentage of VOapeax and of peak PO, participants exercised at the same relative
intensity in both groups. Furthermore, none of the other physiological parameters significantly differed between
PARA and AB when expressed as a percentage of peak values. Concluding from the above, differences in the
submaximal responses between AB compared to PARA are due to AB working at higher PO and not due to

differences in exercise efficiency.

Methodological considerations

While the fixed position of the upper-body reduced potential differences in the use of the muscles of the trunk and
pelvic region between UBP and ACE as well as AB and PARA, it likely influenced VOapeak and other related
outcome parameters as well. Not restricting upper-body movement (as is more commonly seen when UBP is used
in during training and competition), would have led to a different use of the trunk in UBP compared to ACE, in
particular in the comparison of PARA versus AB. In UBP, trunk movement can easily contribute to increased
power production and thereby elevated MR (Hegge et al. 2015). In comparison, due to the asynchronous arm
movements in ACE, there is a lower contribution of the trunk movement to power production. Further studies are
needed to compare the effect of fixed trunk versus allowing the trunk to move freely on VOspeax during UBP

incremental exercise to exhaustion.

Conclusion

In upper-body trained PARA and AB participants, VOapeak did not differ between UBP and ACE, indicating that
the movement patterns of these two test modes tax the cardiovascular system to a similar extent when the trunk is
fixed. The 18% lower peak PO in UBP compared to ACE may be explained by the coinciding lower efficiency in
the same mode. Furthermore, the lower VOopeak in PARA compared to AB is likely related to their disability, i.e.
less active muscle mass during testing and a limited blood redistribution below the level of injury. However, there
was no difference in exercise efficiency between PARA and AB in the two modes. Overall, the findings of this
study provide a good starting point for understanding the differences in outcome parameters between two

commonly used test modes and between PARA and AB athletes. However, to allow coaches and researchers to

18



347 implement our findings into practice, future research should complement our results by investigating whether

348 differences in trunk involvement between UBP and ACE lead to differences in VOapeax and efficiency.
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Comparison of Peak Oxygen Uptake
and Test-Retest Reliability of
Physiological Parameters between
Closed-End and Incremental
Upper-Body Poling Tests

Julia K. Baumgart*, Knut Skovereng and Qyvind Sandbakk

Department of Neuromedicine and Movement Science, Centre for Elite Sports Research, Norwegian University of Science
and Technology, Trondheim, Norway

Objective: To compare peak oxygen uptake (VOopeax) and the test-retest reliability of
physiological parameters between a 1-min and a 3-min closed-end and an incremental
open-end upper-body poling test.

Methods: On two separate test days, 24 healthy, upper-body trained men (age: 28.3 +
9.3 years, body mass: 77.4 + 8.9kg, height: 182 + 7 cm) performed a 1-min, a 3-min
and an incremental test to volitional exhaustion in the same random order. Respiratory
parameters, heart rate (HR), blood lactate concentration (BLa), rating of perceived
exertion (RPE), and power output were measured. VOopeak Was determined as the single
highest 30-s average. Relative reliability was assessed with the intra-class correlation
coefficient (ICCy 1) and absolute reliability with the standard error of measurement (SEM)
and smallest detectable change (SDC).

Results: The incremental (3.50 + 0.46 L-min~' and 45.4 + 5.5 mL-kg~!-min—")
and the 3-min test (3.42 4+ 0.47 L-min~' and 44.5 + 5.5 mL-kg~"-min~") resulted
in significantly higher absolute and body-mass normalized VOopeak compared to the
1-min test (3.13 + 0.40 L-min~" and 40.4 + 5.0 mL-kg~"-min~") (all comparisons,
p < 0.001). Furthermore, the incremental test resulted in a significantly higher
VOopeak as compared to the 3-min test (p < 0.001). VOopeak Was significantly
higher on day 1 than day 2 for the 1-min test (o < 0.05) and displayed a
trend toward higher values on day 2 for the incremental test (p = 0.07). High
and very high ICCs across all physiological parameters were found for the 1-min
(0.827-0.956), the 3-min (0.916-0.949), and the incremental test (0.728-0.956).
The SDC was consistently small for HR (1-min: 4%, 3-min: 4%, incremental: 3%),
moderate for absolute and body-mass normalized VOopeak (1-min: 5%, 3-min: 6%,
incremental: 7%) and large for BlLa (1-min: 20%, 3-min: 12%, incremental: 22%).
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Conclusions: Whereas both the 3-min and the incremental test display high relative
reliability, the incremental test induces slightly higher VOopeax. However, the 3-min test
seems to be more stable with respect to day-to-day differences in VOopeax. The 1-min
test would provide a reliable alternative when short test-duration is desirable, but is not
recommended for testing VOopear due to the clearly lower values.

Keywords: peak aerobic capacity, endurance performance, all-out, 3-min, exhaustion

INTRODUCTION

Exercise testing in a sitting position is relevant for determining
upper-body physiological capacities and monitoring training
progression in both Paralympic sitting athletes as well as able-
bodied athletes involved in an upper-body sport. Various test
protocols have been used to determine peak oxygen uptake
(VO2peak) in upper-body modes, with the most common test
procedure comprising incremental increases in workload until
voluntary exhaustion (Bar-Or and Zwiren, 1975; Bhambhani
et al.,, 1991; Leicht et al., 2009, 2013; Hutchinson et al., 2017).
In addition, a 3-min self-paced closed-end test is a common
procedure to assess VOypeai in upper-body modes (Skovereng
et al., 2013; Flueck et al., 2015; Hegge et al., 2015a,b; Baumgart
and Sandbakk, 2016).

In cycling, the 3-min and incremental tests resulted in
equally high VOy,e,i values (Sperlich et al., 2011). The 3-min
test additionally includes indices of performance and anaerobic
capacity (i.e., accumulated oxygen deficit) (Losnegard et al,
2012), and therefore covers a more complementary set of
measurements in a single test as compared to incremental
workloads. In addition, the ability to increase the utilization
of VO, rapidly plays an important role in sports where
high power outputs are produced over a relatively short time
period. Examples are middle distance sports or intermittent
activities such as cross-country skiing or Para cross-country
skiing where hard work is performed in steep uphills followed
by recovery in the subsequent downhill sections. Therefore, it
would be of interest to explore the maximal rate of VO, uptake
during a test of shorter duration than traditionally employed.
However, VOypea and corresponding physiological responses
during closed-end tests of different duration and an incremental
protocol have not yet been compared in upper-body exercise
modes.

In an athletic context, sport-specificity of the testing mode
is important in eliciting performance related peak responses
(Roels et al., 2005). Upper-body poling is the most sports-
specific mode for ice sledge hockey players and cross-country
sit skiers as well as for testing upper-body capacity in cross-
country skiers, biathletes and Nordic combined athletes. Thirty-
nine Paralympic and 27 Olympic gold medals are contended

Abbreviations: BLaj,, Peak blood lactate; HRpe,x, Peak heart rate; ICC,
Interclass correlation coefficient; POPeak, Peak power output; RPEy;, Muscular rate
of perceived exertion; RPEp, Overall rate of perceived exertion; RPER, Respiratory
rate of perceived exertion; SDC, Smallest detectable change; SEM, Standard error
of the measurement; VE, Minute ventilation; VOjmay, Maximal oxygen uptake;
VOspeak, Peak oxygen uptake; VCOypeqk, Peak carbon dioxide production.

for in these events, highlighting the importance of reliable test
concepts for such sports. The 3-min and the incremental test
are regarded reliable for the determination of VOype,i as well
as other physiological and perceptual parameters during arm-
crank (Bar-Or and Zwiren, 1975; Leicht et al., 2009; Flueck et al.,
2015) and wheelchair ergometry (Bhambhani et al., 1991; Leicht
et al., 2013). However, the test-retest reliability of physiological
parameters in upper-body poling needs to be established before
meaningful differences between athletes and repeated tests within
athletes can be interpreted.

The determination of test-retest reliability requires a relatively
large group of homogeneous participants since most statistical
measures of absolute and relative reliability are sensitive to
population heterogeneity (Atkinson and Nevill, 1998; Hopkins,
2000; Weir, 2005). High test-retest reliability can solely be the
result of a large spread of data points as compared to small intra-
participant day-to-day variation (Atkinson and Nevill, 1998;
Hopkins, 2000; Weir, 2005). Paralympic athletes represent a
small group of participants with a large heterogeneity of physical
capacities and are not preferable in this context.

Therefore, the aim of this study was to compare VOypc,| and
the test-retest reliability between a 1-min and a 3-min closed-
end and an incremental open-end upper-body poling test in
able-bodied upper-body-trained participants. We hypothesized
that the 3-min and the incremental upper-body poling tests
would display high test-retest reliability as these protocols
were previously found reliable for arm-crank and wheelchair
ergometry. In line with previous research in cycling, we expected
that the 3-min and incremental protocol would not differ in
VOZpeak~

MATERIALS AND METHODS

Participants

Twenty-four able-bodied upper-body-trained male individuals
(age 28.3 + 9.3, body mass 77.4 + 8.9kg, and height 1.8
£ 0.1m) participated in this study. Participants were mainly
cross-country skiers (N = 23) and additionally one rower who
regularly trained cross-country skiing, all of whom participated
in recreational or national level cross-country skiing and rowing
races, respectively. All were highly trained with a running
VOomax of 66 £ 7mL~kg_1~min_1 (range 53.0-75.9) and an
average of 39 £ 11 (range 22.5-75) training hours per month
(based on self-reported training hours from their training
diary logs; www.olt-dagbok.net), most of which was endurance
training and a considerable part employing the upper-body.
The participants were instructed to refrain from heavy training
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and alcohol consumption 24h before the start of the testing,
caffeine intake the day of the testing and food intake 2h
before. A questionnaire was filled out on each day to monitor
if the participants followed these instructions, as well as to
exclude any prior illness or injury that might have interfered
with the testing. The study was pre-approved by the Regional
Committee for Medical and Health Research Ethics of Mid-
Norway and conducted in accordance with the Declaration of
Helsinki. All participants signed an informed consent form prior
to participation in the experiment and were made aware that they
could withdraw from the study at any point without providing an
explanation.

Overall Design

The testing consisted of two test days, where participants
performed a 1-min and a 3-min all out and an incremental test
to exhaustion in an upper-body poling mode on a Concept2 ski-
ergometer (Concept2, Inc., Morrisville, USA). Each participant
performed the tests in the same order and at the same time of the
day (to minimize the bias of diurnal variation in performance;
Atkinson and Reilly, 1996). The test order was randomized
between participants. The time between test days was a minimum
of 48 h and an average of 4 & 3 days (range 2-11 days). Before
the start of the testing on the first day, the participants’ body
mass was assessed by the built-in weighing scale of a bioelectrical
impedance analyzer (Inbody Co., Ltd., Seoul, Korea).

Test Set-Up and Familiarization

After being equipped with an oro-nasal mask (Hans Rudolph
Inc, Kansas City, MO, USA) and a heart rate (HR) monitor
(Polar Electro Inc., Port Washington, NY, USA), the participants
tightly strapped themselves around the hips and thighs into a seat
construction (see Figure 1). They were then familiarized with the
test setup and mode by performing four times 5-min submaximal
stages mode at an overall rate of perceived exertion of 9 (very
light), 11 (light), 13 (somewhat hard), and 15 (hard) on a 6-20
Borg scale (Borg, 1982; Shephard et al., 1992).

Test Protocols

A 15-min break followed the submaximal familiarizing stages,
before a standardized 5-min warm-up preceded each of the
peak tests, consisting of three and two min at the power output
of the third (RPE 13) and fourth submaximal stage (RPE 15),
respectively. The third minute of warm-up was inter-dispersed
by two 5-s sprints at 90-95% of maximal sprint power. Both,
the 1-min and the 3-min test were self-paced closed-end tests
with the instruction to find a power output that the participants
thought they could maintain throughout the test. Three pacing
strategies were possible: (1) a higher power output at the start
with a drop toward the end (positive pacing), (2) a stable power
output throughout the test (even pacing), and (3) a lower power
output at the start with an increase toward the end (negative
pacing) (Atkinson et al., 2007). Positive and negative pacing
were defined as more than a 10% increase or decrease of the
last 30-s average as compared to the initial 30-s average power
output. The incremental test started at the individual power
output of the third submaximal stage (rounded to the nearest

FIGURE 1 | Test set-up with the participant in a sitting position, strapped
around the hips and thighs, in front of the Concept2 ski-ergometer.

5-W value) and participants were instructed to continuously
increase power output by 10 W every 30s. Between each of the
maximal tests, a rest period of 26 + 3 min was given and the
participants were optionally allowed to drink water or sports
drink. It has previously been shown that a recovery period of
20 min between maximal tests allows participants to maintain
performance (Weltman et al., 1979; Vesterinen et al., 2009;
Moxnes and Moxnes, 2014).

VO,, VCO,, and VE were measured breath-by-breath using a
spiroergometer (Oxycon Pro, Jaeger, Viasys BV, CA, USA) which
was calibrated against a known mixture of gases (5% CO,, 15%
0O,) and a known air flow (from a 3L syringe) prior to each
test. HR was continuously recorded during the tests. A blood
sample was taken 1 and 3 min after each test and blood lactate
analyzed by a Biosen C-Line Sport lactate measurement system
(EKF-diagnostic GmbH, Magdeburg, Germany). Overall (RPEp),
respiratory (RPER) and muscular rate of perceived exertion
(RPEy;), and were recorded after each test as described more
in detail by Shephard et al. (1992). Power output per stroke
was recorded by the skiergometer’s internal software (Concept2,
Morrisville, USA) and recorded by a Sony Alpha 58 video camera
(Sony Corporation, NY, USA).

Data Processing and Statistical Analyses
A minimum number 21 participants was determined by a-priori
analyses in G*Power 3.1, with an effect size of 0.65 (calculated
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as a Cohen’s d based on VOyp,i Vvalues in a similar sample from
Baumgart and Sandbakk, 2016, an alpha level of 0.05 and a power
of 0.80. Two of the 24 participants were not able to complete the
1-min and the 3-min test on the second day. In these two tests,
the data from 22 participants were analyzed. Breath-by-breath
respiratory data was interpolated at individually fitted sample
frequencies, resampled at 1-s intervals and 10, 30, and 60-s
averages were calculated in MATLAB 8.1.0. (R2016a; Mathworks
Inc., Natick, MA) The single highest 30-s average value was then
identified as VOypeak as recommended by Robergs et al. (2010)
and used in the further analyses. The highest 10 and 60-s averages
were used to investigate if changes in averaging procedure
affected the results. Moving 3-s averages were calculated for the
HR data and the highest value defined as peak heart rate (HR peak)-
The higher of the two blood lactate values was defined as peak
blood lactate (BLapeqx). Thirty seconds averages were calculated
for the PO data and the highest value defined as peak power
output (POpeqr)-

Data are presented as mean £ SD unless specified differently
and an o level of 0.05 was employed to indicate statistical
significance. All calculations and statistical tests were executed
in Microsoft Excel (Version 2010, Microsoft Cooperation, The
Microsoft Network, LLC, Richmond, USA) or in SPSS 22.0
(Software for Windows, SPSS Inc., Chicago, IL, USA).

Assumptions

The assumption of homoscedasticity was examined by plotting
the individual test-retest differences against the individual
means and by calculating the Pearson’s r correlation coefficient
between the two. A correlation of r > 0.25 was used to
define heteroscedasticity (O’Donoghue, 2013). Heteroscedastic
variables (VCOzpeak> VEpeak, and POpeqi of the 1-min test, and
RPEp and RPEy; of the incremental test) were transformed
using the natural logarithm. However, this procedure did not
improve the heteroscedasticity and we hence used the non-
transformed data. The assumption of normally distributed test-
retest differences was assessed by the Shapiro-Wilk test of
normality and Normal Q-Q plots. Paired-samples T-Tests were
used to assess systematic bias in physiological variables, RPE
and POpe, between the two test days. Independent-samples T-
Tests were used to investigate whether using the same or unequal
pacing strategies led to differences in the VOjpeq delta values
from day 1 to day 2. A general linear mixed model was used
to investigate the interaction effect of test order and the type of
upper-body poling peak test on VO,peqk-

Comparison of Tests

Paired-samples T-tests were used to compare physiological
variables, RPEy, RPER, RPEo, and POpex between the three
tests. To investigate the influence of a different averaging
procedure on VOypeq We compared 10 and 60-s average to the
30-s average described above with paired-samples T-tests. The
average over day 1 and 2 for each variable was used for these
comparisons.

Absolute Reliability
Absolute reliability was assessed by the standard error of
measurement (SEM) and the smallest detectable change (SDC).

The SEM was calculated as SDg;/+/2 (Hopkins, 2000), and the
80% SDC as SEM-1.28-,/2 (Bland and Altman, 1986).

Relative Reliability

Intraclass correlation coefficients (ICC,;) with 95% CI were
calculated as a measure of relative reliability (Weir, 2005). Ranges
of 0.26-0.49, 0.50-0.69, 0.70-0.89, and 0.90-1.0 were classified
as low, moderate, high, and very high ICC according to Munro’s
criteria (Plichta et al., 2013).

RESULTS

Comparison of Tests
Individual differences and mean values of day 1 to day 2
and corresponding limits of agreement are visualized in Bland-
Altman plots in Figure 2 and displayed in Table 1. All data used
in the analyses of this study are found in Datasheet 1. Based on
the average values of test day 1 and 2, the incremental (45.4 &+
5.5 mL-kg~!-min~!, 196 + 28 Watt) and the 3-min test (44.5
+ 5.5 mL-kg !'min~!, 202 & 37 W) resulted in significantly
higher VOjpeax and lower POpey as compared to the 1-min
test (40.4 £ 5.0 mL-kg~!-min~!, 253 £ 46 W) (all p < 0.001).
Additionally, the incremental test resulted in significantly higher
VOspeak as well as lower POpeqi as compared to the 3-min test
(both p < 0.001) (see Supplementary Figure 1). A plateau in
VOspeak (2 consecutive 30-s values within 2 mL-kg™!-min~")
was observed in ~80% of tests both during the 3-min and the
incremental protocols of day 1 and 2, without any difference
between test protocol or order of test day.

As compared to the 30-s average used in the above, employing
a 10 or 60-s average would have resulted in significantly
higher or lower VOjpeax, respectively, in all three tests (all
comparisons p < 0.001). When using 10-s averages, the difference
in VOjpear between the tests would have remained unchanged
(1-min: 41.3 £ 5.3, 3-min: 45.4 + 5.5, incremental: 46.3 + 5.6
mL-kg~!-min~!) compared to using 30-s averages. However,
using 60-s averages, the VOye,  difference between the 1-min
as compared to the 3-min and the incremental test would
have increased, and the differences between the 3-min and the
incremental test decreased (1-min: 32.6 4 4.2, 3-min: 43.8 £ 5.7,
incremental: 44.2 + 5.4).

Relative and Absolute Reliability
High and very high ICCs across all physiological outcome
parameters and POp, were found for the 1-min, the 3-min
and the incremental test (Table2). In all three tests, the
SDC was consistently small for HRpep (1-min: 4%, 3-min:
4%, incremental: 3%), moderate for absolute and body-mass
normalized VOjpeqc (1-min: 5%, 3-min: 6%, incremental: 7%)
as well as POj¢,ic (1-min: 10%, 3-min: 9%, incremental: 6%) and
large for BLape, (1-min: 20%, 3-min: 12%, incremental: 22%).
Fourteen and 9 participants changed their pacing strategy
from day 1 to day 2 for the 1-min and the 3-min test, respectively.
However, there were no differences in VOjpea between day
1 and day 2 for neither the 1-min (1.1 + 1.7 vs. 0.8 £+ 1.7
mL-kg~!-min~!, p = 0.67) nor the 3-min test (0.7 & 2.0 vs. 0.2
+ 2.5 mL-kg™'min~!, p = 0.53) when comparing those who
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FIGURE 2 | Bland-Altman plots for the individual mean body-mass normalized peak oxygen uptake (VO2peak), Peak heart rate (HRpeak), and peak power output
(POpeak) of test day 1 and 2 vs. the difference between day 1 and 2 in VO2peak, HRpeak, and POpeak for the 1-min, the 3-min, and the incremental (Incr) test. The
solid line is the group mean and the dotted lines indicate +1.96-SD.

changed and those who maintained a stable pacing strategy across
test days (Supplementary Figures 2, 3).

There was no significant interaction between type of test and
test order on VOypepi (p = 0.779). Furthermore, VOjpear did
not differ between test day 1 and 2 for the 3-min test (below
1% change, p > 0.05) or the incremental test (~2%, p = 0.068
and 0.085), but increased significantly for the 1-min test (~2%,
p = 0.014 and 0.007). POpeq was significantly higher on test
day 1 as compared to test day 2 for the 1-, the 3-min and the
incremental test (2, 1, and 4%, all p < 0.015). In line with the
increased POpeqi, time to exhaustion significantly increased in
the incremental test on day 2 (from 326 + 63 to 346 & 70s,
p=0.003).

DISCUSSION

The aim of this study was to compare VOjpea and test-retest
reliability of physiological parameters between a 1-min and a
3-min closed-end and an incremental open-end upper-body
poling test. The incremental and the 3-min test resulted in
significantly higher VOyp.,i as compared to the 1-min test, with
the incremental test inducing slightly higher VOypeq than the
3-min test. High and very high ICCs across all physiological
parameters (0.728-0.956) and PO, (0.923-0.955) were found
for all three tests. The SDC, as a measure of absolute reliability,
was consistently small for HRpe,, moderate for VOypeqi and
POpeak, but large for BLape, for all three tests. Furthermore, the
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TABLE 1 | Power output, physiological and perceptual parameters of test day 1 and 2 for a 1-min, a 3-min, and an incremental upper-body poling test in able-bodied,

upper-body trained participants (means + SD).

1-min 3-min Incremental

Day 1 Day 2 p-value Day 1 Day 2 p-value Day 1 Day 2 p-value
POpeak (Watts) 234 + 50 246 + 45*  <0.001 179 + 34 187 + 33~t  <0.001 192 + 29 200 + 28T+ <0.001
VOppeak (MLkg™"-min~1) 400 + 5.2 40.9 £ 5.0 0014 442457 447 £ 557 0262 450458 459 + 550% 0.085
VOppeak (Lmin~1) 309+ 042 317 +0.39" 0007 340+048 34440467 0270 346+045 354+ 0490F 0068
VCOgpeak (L'min~") 346 +0.60  3.56 + 0.49 0152  403+063 412+0627 0147 397+052 419+055T 0001
VE (L-min~T) 145 + 32 144 + 27 0.677 161 + 29 162 + 307 0.806 161 + 23 165 + 22~ 1 0.044
HRpeak (beats-min~T) 168 + 11 165 + 12 0.016 172 £ 13 171 + 141 0.611 171 + 14 171 + 147 0578
Blapeak (mmol-L~1) 11.0 + 2.1 109+ 2.5 0.868  11.6+24 11.8 +2.2f 0489  11.4+23 12.0 + 2.2f 0.166
RPEQ (6-20) 181 + 1.3 17.8 £ 1.4 0318 181+ 1.0 18.3 + 1.2T 0465 183+ 0.9 183+ 1.2 0.935
RPER (6-20) 17.6 +1.5 17.4+1.6 0554 7.7 +1.7 179+ 1.8 0484  17.7+18 17.8 +1.7 0.544
RPEy (6-20) 18.3 £ 1.1 182+ 1.3 0618 183+ 1.1 18.4 4+ 1.2 0656  18.6 + 0.9 18.4 4+ 1.2 0.432

Calculations are based on data from 22 participants for the 1-min and the incremental test and 24 participants for the 3-min test.
Peak oxygen uptake (VOzpeax), peak carbon dioxide production (VCOzpeax), minute ventilation (VE), peak heart rate (HRpeak), peak blood lactate (BLapeax), overall rate of perceived
exertion (RPEo), respiratory rate of perceived exertion (RPEg), muscular rate of perceived exertion (RPE), peak power output (POpeak).

*Significant differences from day 1 to day 2 at an alpha level of 0.05.

*Mean value of day 1 and day 2 significantly different from 1-min test mean value at an alpha level of 0.05.
*Mean value of day 1 and day 2 significantly different from 3-min test mean value at an alpha level of 0.05

TABLE 2 | Interclass correlation coefficients (ICC) and [95% confidence interval (Cl)], standard error of the measurement (SEM), smallest detectable change (SDC) of
power output, physiological, and perceptual parameters for a 1-min, a 3-min and an incremental upper-body poling test in able-bodied, upper-body trained participants.

1-min 3-min Incremental
ICCy 4 95% Cl SEM SDC SDC% ICCy ¢ 95% Cl SEM SDC SDC% ICCyp ¢ 95% Cl SEM SDC SDC%
F’Opea;< (Watts) 0.946 [0.879-0.976] 10.7 19.4 76 0923 [0.827-0.967] 10.5 19.0 9.4 0955 [0.895-0.981] 6.1 11.1 5.7
VOopeak (mL-kg*1 »min*w) 0.956 [0.897-0.981] 1.1 2.0 49 0942 [0.871-0.974] 15 28 6.2 0933 [0.846-0.972] 1.7 3.1 6.7
VOZDSEK (le\n_1) 0.952 [0.888-0.980] 0.1 0.2 54 0949 [0.886-0.978] 0.1 0.2 6.2 0.938 [0.857-0.974] 0.1 0.2 6.9
VCO2peak (L-min’1) 0.903 [0.781-0.959] 0.2 04 108 0.929 [0.843-0.969] 0.2 0.4 87 0922 [0.822-0.967] 0.2 0.3 7.8
VE (L»min’w) 0.905 [0.786-0.959] 11.2 202 140 0919 [0.822-0.964] 10.1 182 11.3 0.922 [0.822-0.967] 7.5 13.6 8.3
HRpeak (beats-min’1) 0.926 [0.831-0.969] 3.7 6.8 4.1 0.935 [0.856-0.971] 389 7.4 4.1 0.956 [0.897-0.981] 2.9 5.3 3.1
Blapeak (mmoI«L’W) 0.827 [0.629-0.924] 12 21 199 0916 [0.816-0963] 08 15 124 0.728 [0.450-0.877] 1.4 26 222
RPEq (6-20) 0.707 [0.415-0.867] 0.9 1.6 89 0.833 [0.652-0.924] 06 1.1 5.8 0.429 [0.019-0.715] 0.9 1.7 9.1
RPER (6-20) 0.726 [0.447-0.876] 10 1.8 104 0.892 [0.767-0.952] 0.7 1.3 7.2 0.885 [0.744-0.951] 0.7 1.3 7.5
RPEy; (6-20) 0.580 [0.219-0.801] 0.9 1.6 89 0791 [0.575-0.904] 06 1.2 6.3 0.679 [0.369-0.853] 0.8 1.4 7.4

Calculations are based on data from 22 participants for the 1-min and the incremental test and 24 participants for the 3-min test.
Peak oxygen uptake (VOzpeax), peak carbon dioxide production (VCOzpeak), minute ventilation (VE), peak heart rate (HRpeax), peak blood lactate (Blapeax), overall rate of perceived
exertion (RPEo), respiratory rate of perceived exertion (RPEg), muscular rate of perceived exertion (RPEy), peak power output (POpezk).

3-min closed-end test was more stable with respect to day-to-day
differences in VOype,k as compared to the incremental and 1-min
test.

We found that the 3-min and the incremental test resulted
in higher VOjpeqr values than the 1-min test, demonstrating
that 1-min duration is too short for the kinetics of the cardio-
respiratory system to respond to the increased work demand
during upper-body work. This is supported by the absence of
a plateau in VOyp during the 1-min test in all participants.
In contrast, a plateau or drop in VOjpeqi at the end of the 3-
min and the incremental test was observed in the majority of
our participants’ tests. Even though no study had previously
compared a 1-min test to a 3-min or incremental protocol,
Price et al. (2014) found significantly lower VOypeq during
a 30-s Wingate test as compared to an incremental protocol.

Furthermore, the incremental protocol led to slightly higher
VOypeak values than the 3-min test, which is in line with a
comparable study in cross-country skiing (McGawley, 2017).
However, the meaningfulness of the 1 mL-kg~!-min~! higher
VOspeax during the incremental test in the current study can be
questioned, since both tests reach a plateau and the difference
was in part influenced by the averaging procedure. In the current
study the highest 30-s average was chosen to indicate VOjpeqr
as recommended by Robergs et al. (2010). If we shortened
the duration to the single highest 10-s VO value, the
difference between tests would have stayed stable but the peak
values were consistently higher. In contrast, if VOype,c would
have been defined over two consecutive 30-s periods, VOypeak
differences between the 3-min test and the incremental test
become negligible, yet the difference in VOypeak between both

Frontiers in Physiology | www.frontiersin.org

6 October 2017 | Volume 8 | Article 857



Baumgart et al

VOopeak Of Upper-Body Poling Tests

these tests and the 1-min test would have increased. The latter
is logical since there is a lag in the VO, kinetics response to the
increased work demands included in the 1-min average. Thus,
a 30-s average was deemed most appropriate in the current
study to be able to compare tests, without taking the initial
part of the test into consideration. Concluding from the above,
the 1-min is not recommended as a VOjpeqi test due to the
clearly lower responses, whereas the 3-min test might slightly
underestimate VOjpeak, With the magnitude depending on the
averaging procedure.

Our finding of high relative reliability of physiological
parameters of the three upper-body poling tests, reflected by high
ICCs, are in line with several previous studies. Three minutes
closed-end and incremental arm crank ergometry tests displayed
similar ICCs in not specifically upper-body trained able-bodied
participants (Leicht et al., 2009; Flueck et al., 2015; Hutchinson
et al,, 2017) as well as incremental wheelchair ergometry or
treadmill tests in athletes with different disabilities (Bhambhani
et al., 1991; Leicht et al., 2013). The current data shows that
the ranks of the participants remain stable from test day 1 to
test day 2 also during upper-body poling. However, caution
is needed in the ICC’ interpretation as it is a measure of
the between-subjects variation in relation to the within-subjects
variation and can be inflated merely by sample heterogeneity
(Atkinson and Nevill, 1998; Hopkins, 2000). In a previous study
on the reliability of VOype,i during an incremental wheelchair
treadmill test, Leicht et al. (2013) tried to circumvent a too
large spread between participants by grouping together athletes
with similar disabilities and training status, which consequently
lead to small group sample sizes. To achieve a sufficient sample
size, yet at the same time have a homogeneous sample, we
chose to recruit upper-body trained male participants for our
study. Given that the participants in our study were highly and
relatively similarly upper-body trained, we expected them to be
more homogeneous than athletes with a disability. However, the
coefficient of variation of the body-mass normalized VOypeqi of
12% during the incremental test was higher than the 8% variation
found in a group of participants with lower-limb disabilities
(Leicht et al., 2013). As such, the interpretability of the ICC as
a measure of test-retest reliability in upper-body testing remains
limited, since even homogeneous able-bodied participants show
heterogeneous responses.

In comparison to relative reliability outcomes, absolute
reliability measures provide the possibility to investigate the
degree to which repeated measurements vary for individuals. In
this study, the small SDC for HRpex and moderate SDC for
VOypeak and POy, indicate acceptable absolute reliability of all
three peak tests. However, the rather large SDCs for BLapeqk,
which are in line with previous studies (Leicht et al., 2009, 2013;
Flueck et al., 2015), suggest that BLap,i cannot be used as a
reliable outcome measure in upper-body testing to exhaustion.
That the SDC for absolute and body-mass normalized VO;peax
was only moderate can be explained by the higher values on day 2
for the 1-min and the incremental test, and for PO,y for all three
tests. The higher PO, and consequently higher VOypeqi values
during the 1-min test on day 2 may be attributed to motivation to
beat their previous score, although we have no data supporting
this speculation. The higher VOjpeq during the incremental

test on test day 2 can in part be explained by two participants
having 0.5-0.6 L-min~! and 7 mL-kg~'-min~" higher absolute
and body-mass normalized VOjpeay, respectively. If the data of
the two participants were excluded, VOyje,i differences between
test day 1 vs. 2 would have become non-significant. During the
incremental test, the higher PO, on day 2 is related to half of
the participants being able to sustain at least one extra 30-s stage
with a higher PO, on day 2. Overall, the 3-min test is the most
stable with respect to day-to-day differences and, therefore, the
most reliable of the three upper-body poling tests.

Methodological Considerations

Our participants were highly trained for the poling movement
and the exercise intensities used in this study, and they
familiarized themselves with four times 5-min submaximal
warm-up stages. We, therefore, chose to not perform a separate
familiarization session for the peak tests in advance. However, in
hindsight and as a reccommendation for further studies, a separate
familiarization session should be performed for all tests if the
main outcome measure is POpea and for the 1-min and the
incremental test if the main outcome measure is VOzpeak-

Furthermore, it remains to be investigated if other durations
of the incremental test would result in different VOjpear
responses. As the participants in our study performed a thorough
warm-up before starting the incremental test, we do not expect
higher VOyc,i values with increases in duration of the test, buta
follow-up study is needed to confirm this.

To be able to identify meaningful differences in body-mass
normalized VOype,i With paired comparison tests and similar
participants in future studies, we estimated a sample size of 26
participants by n = 8-SDC?-(SEM?)~! as proposed by Hopkins
(2000). Relatively similar numbers apply for most of the variables
used in our approach. It is often challenging to recruit so many
similarly upper-body trained participants, and in particular when
aiming to test Paralympic athletes which are homogeneous with
respect to their disability. Therefore, as large sample sizes as
possible should be aimed at, if necessary through international
collaborations. In addition, detailed description of the testing
procedure and individual data should be made available so high-
quality meta-analyses can be performed in the future.

CONCLUSION

In conclusion, we find acceptable absolute and relative reliability
of a 1-min and a 3-min closed-end, and an incremental upper-
body poling VOjpeqx test in able-bodied, upper-body trained
individuals. However, the 1-min test is not recommended as a
VOypeak test due to the clearly lower values than the 3-min and
the incremental test. Whereas the 3-min test is more stable with
respect to day-to-day differences in VOypeax, the incremental test
leads to slightly higher VO,peax.-
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Error in Table

In the original article, there was a mistake in Table 1 as published. The mistake concerns the peak
power output values provided for the 1-min and the 3-min test. We initially based the calculations
on the mean peak power output of the 1-min and the 3-min test on the values provided by the
internal software of the Concept2 ski ergometer, which are cumulative averages (i.e. the first
average is an average over the first 30 s, the second average is an average over the first minute,
the third over one and a half minutes and so forth). However, when submitting this manuscript we
recalculated the mean peak power output to reflect 30-s averages that are not cumulative and hence
independent of the power output produced in the previous 30-s period.

The corrected Table 1 appears below. The authors apologize for this error and state that this does
not change the scientific conclusions of the article in any way.

Text Correction

In the original article, there was an error. The mistake is in line with what is described in the above.
A correction has been made to the section Results, subsection Comparison of Tests, paragraph 1:
Based on the average values of test day 1 and 2, the incremental (45.4 £ 5.5 mL-kg!-min’!, 196 + 28 Watt)
and the 3-min test (44.5 + 5.5 mL-kg''min’!, 201 + 36 Watt) resulted in significantly higher VOspeax and
lower POpea as compared to the 1-min test (40.4 £5.0 mL-kg! min!, 256 £ 47 Watt) (all p < 0.001).

Additionally, the incremental test resulted in significantly higher VOzpeax (p = 0.03).

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way.
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Abstract

Objectives: The primary aim was to compare physiological and perceptual outcome parameters identified
at common gas exchange and blood lactate (BLa) thresholds in Paralympic athletes while upper-body
poling. The secondary aim was to compare the fit of the breakpoint models used to identify threshols in the

gas exchange thresholds data versus continuous linear and curvilinear (no-breakpoint) models.

Methods: Fifteen elite ice sledge hockey players performed seven to eight 5-min stages at increasing
workload until exhaustion during upper-body poling. Two regression lines were fitted to the oxygen uptake
(VOy)-carbon dioxide (VCO,) and minute ventilation (VE)/VO, data to determine the ventilatory threshold
(VT), and to the VCO,-VE and VE/VCO: data to determine the respiratory compensation threshold (RCT).
The first lactate threshold (LT1) was determined by the first rise in BLa (+0.4 mmol-L"! and +1.0 mmol-L
") and a breakpoint in the log-log transformed VO»-BLa data, and the second lactate threshold (LT2) by a
fixed rise in BLa above 4 mmol-L! and by employing the modified Dmax method. Paired-samples t-tests
were used to compare the outcome parameters within and between the different threshold methods. The fit
of the two regression lines (breakpoint model) used to identify thresholds in the gas exchange data was
compared to that of a single regression line, an exponential and a 3 order polynomial curve (no-breakpoint

models).

Results: All outcome parameters identified with the VT (i.e., breakpoints in the VO,-VCO; or VE/VO»
data) were significantly higher than the ones identified with a fixed rise in BLa (+0.4 or +1.0 mmol-L") at
the LT1 (e.g. BLa: 5.1+2.2 or 4.9£1.8 vs 1.9+0.6 or 2.3+0.5 mmol-L"!, p<0.001), but were not significantly
different from the log-log transformed VO,-BLa data (4.3+1.6 mmol-L™!, p<0.13). The outcome parameters
identified with breakpoints in the VCO,-VE data to determine the RCT (e.g. BLa: 5.5+1.4 mmol-L") and
with the modified Dmax method at the LT2 (5.5+1.1 mmol-L") were higher compared to parameters
identified with VE/VCO: method (4.9+1.5 mmol-L") and a fixed BLa value of 4 mmol-L™! (all p<0.03).
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Although we were able to determine the VT and RCT via different gas exchange threshold methods with
good fit in all 15 participants (mean R*>>0.931), the continuous no-breakpoint models had the highest

probability of being the best models for the VO,-VCO; and the VCO»-VE data (>68%).

Conclusions: In Paralympic athletes who exercise in the upper-body poling mode, the physiological and
perceptual outcome parameters identified at the VT and the ones identified with fixed methods at the LT1
showed large differences, demonstrating that these cannot be used interchangeably to estimate the aerobic
threshold. In addition, the close location of the VT, RCT and LT2 does not allow us to distinguish the
aerobic and anaerobic threshold, indicating the presence of only one threshold in athletes with a disability
exercising in an upper-body mode. Furthermore, the better fit of continuous no-breakpoint models indicates
no presence of clear breakpoints in the gas exchange data for most participants. This makes us question if
breakpoints used to determine thresholds in the gas exchange data really exist in an upper-body exercise

mode in athletes with disabilities.

Key words: aerobic threshold, anaerobic threshold, ventilatory threshold, respiratory compensation

threshold, lactate threshold, disability
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Introduction

In able-bodied endurance athletes performing lower-body or whole-body exercise, gas exchange and blood
lactate (BLa) threshold concepts are well-established in the diagnosis of endurance performance as well as
in the prescription of systematic training with different exercise intensity zones [1]. Two thresholds are
commonly described in the literature: 1) The aerobic threshold (AT) — determined by the ventilatory
threshold (VT) or the first lactate threshold (LT1) — separates low- from moderate-intensity exercise [2, 3].
2) The anaerobic threshold (ANT) — determined by the respiratory compensation threshold (RCT) or the
second lactate threshold (LT2) — separates moderate- from high-intensity exercise [2, 3]. However, to what
extent the outcome parameters identified at the VT and LT1 as well as the RCT and LT2 coincide in

Paralympic sitting sport athletes who exercise in an upper-body mode remains to be investigated.

Various methods have been employed to determine the VT and the RCT, as well as the LT1 and the LT2
[3-6]. The VT is based on a disproportionate increase (i.e. a breakpoint) in carbon dioxide production
(VCO») and minute ventilation (VE) in relation to oxygen uptake (VO) [3, 7], and the LT1 on an onset in
BLa concentration above resting levels that marks the beginning of exercise [5] or on a breakpoint in the
log-log transformed VO,-BLa data [4]. Even though these physiological changes occur above the VT and
LTI, the body is still able to maintain equilibrium at intensities up to the ANT, and aerobic metabolism
(indicated by measurements of oxygen uptake and the corresponding energy equivalent) reflects overall
energy expenditure [2]. The ANT marks the point beyond which any attempt of the body to maintain
metabolic equilibrium at a constant rate of work fails [6]. The RCT is based on a disproportionate increase
(i.e. a breakpoint) of VE in relation to VCO; [3], a mechanism that has been suggested to correspond with
the point where BLa starts to accumulate with constant workload [6]. In contrast, it has been argued that
the changes in gas exchange with increasing work rate are continuous transitions where fatigue gradually

accumulates rather than clear breakpoints [8].
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The assumption that the VT corresponds with the LT1, and the RCT with the LT2, are based on the initial
studies by Beaver et al. [3] and Wassermann et al. [6, 9, 10] from the 1980’s. However, there has been a
continuous debate around the existence of and the physiological link between these different thresholds [2,
11-14]. Although physiological parameters identified at the VT and LT1, and at the RCT and LT2 have
shown high correlations in able-bodied participants during cycling and running in some studies [15, 16],
others find low correlations [17]. In wheelchair basketball and wheelchair rugby athletes with a spinal cord
injury, the % of VOapeak Was lower at the LT1 compared to the VT, whereas it did not significantly differ at
the LT2 and RCT [18]. In contrast, in able-bodied swimmers, there were no significant differences in

physiological outcome parameters at the LT1 and the VT [19].

Whereas a range of studies have investigated the VT during upper-body exercise in able-bodied participants
and participants with a disability [20-29], knowledge is limited on whether gas exchange and BLa threshold
concepts can be used interchangeably in athletes with disabilities who exercise in an upper-body mode, or
whether breakpoints exist in the gas exchange data of these athletes. Therefore, the primary aim of this
study was to compare physiological and perceptual outcome parameters at the gas exchange and BLa
thresholds in the data obtained from Paralympic athletes while upper-body poling. The secondary aim was
to compare the fit of breakpoint models used to identify gas exchange thresholds with continuous linear or

curvilinear (no-breakpoint) models.
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Methods

Participants

Fourteen male and one female endurance-trained Norwegian Para ice hockey players participated in this

study. Anthropometrics and training hours per month of the participants are depicted in Table 1. All

participants were healthy and free of injuries at the time of testing. The study was approved by the

Norwegian Data Protection Authority and conducted in accordance with the Declaration of Helsinki. All

participants signed an informed consent form prior to voluntarily taking part in the study, and were made

aware that they could withdraw from the study at any point without providing an explanation.

Table 1. Sex, age, anthropometric and disability characteristics as well as monthly training hours of

15 Norwegian national team Para ice hockey players participating in this study.

Sex Age Body Height Disability Training
(years) mass (kg) (cm) (level of injury) hrs/month
1 Male 53 83.3 186 Paraplegia (Th12-L1) 25
2 Male 18 75.7 160 Spina bifida (L5) 49
3 Male 27 61.0 160 Athrogryposis multiplex congenita 63
4 Male 31 69.4 184 Hereditary spastic paraplegia 45
5 Male 28 90.0 173 Paraplegia (Th10) 26
6 Male 21 70.4 164 Spina bifida (ns) 59
7 Male 33 70.5 160 Spina bifida (Th12) 67
8 Male 34 75.3 173 Paraplegia (Th11-12) 48
9 Female 22 70.0 167 Spina bifida (L3-S1) 33
10*  Male 22 63.4 164 Paraplegia (Th11-12) 28
11* Male 18 64.2 154 Spina bifida (ns) 54
12 Male 20 68.0 186 Paraplegia (Th12) 40
13 Male 20 77.0 163 Cerebral Palsy (motor only) 23
14  Male 28 66.5 173 Amputation (single leg above the knee) 80
15 Male 32 63.2 165 Paraplegia (ns) 56
Mean + SD 27.1489  71.2+8.0  170+10 - 47+18
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* Players are from the Norwegian national B-team

Thoracic (Th), lumbar (L), sacral (S), not specified (ns)

Experimental design

The testing consisted of two consecutive test days at similar test times, during which participants performed
an incremental test to exhaustion on day one, followed by seven to eight S-min stages at gradually increasing
effort for each stage until exhaustion on day two. All tests were performed in upper-body poling on a
Concept2 ski ergometer 1 (Concept2, Inc., Morrisville, USA,

http://www.concept2.com/service/skierg/skierg-1), while sitting in an ice sledge hockey seat.

Test set-up

After being equipped with an oro-nasal mask (Hans Rudolph Inc, Kansas City, MO, USA) and a heart rate
monitor (Polar Electro Inc., Port Washington, NY, USA), the participants were tightly strapped around the
thighs and hips into an ice sledge hockey seat that was mounted on a wooden platform (Fig 1). The distance
of the seat to the Concept2 ski ergometer and the position of the feet depended on personal preference but
was the same for test day one and two. The ski ergometer uses wind resistance, which is generated by the
spinning flywheel. The ski ergometer has a spiral damper with settings from one to ten, which works like a
gearing system. We had this damper set at “eight” for all participants. Power output was measured with the
ergometer’s software, which was previously validated with force and velocity measurements using a force
cell (Noraxon USA inc., Scottsdal, AZ, USA) and the Oqus cameras of the Qualisys motion capture system
(Qualisys AB, Gothenburg, Sweden) as described by Hegge et al. [30]. The Metamax II ergospirometer
CORTEX Biophysik GmbH, Leipzig, Germany) was calibrated against a known mixture of gases (16% O»

and 4% CO,) and ambient air prior to the testing procedure of every second participant. Before each athlete
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was tested, the flow transducer was calibrated with a 3 L syringe and then connected to the oro-nasal mask,

which allowed for the measurement of breath-by-breath respiratory parameters.

Fig 1. Test set-up. The participants were strapped in around the hips and thighs in an ice sledge

hockey seat mounted on a platform in front of the Concept2 ski-ergometer.

Test protocol

The participants were instructed to refrain from heavy training and alcohol consumption 24 hours before,
caffeine intake the day of, and food intake two hours before testing. Additionally, the participants were
instructed to void their bladder directly before arriving at the laboratory. A questionnaire was filled out on
each of the two test days to monitor if the participants followed these instructions, as well as to exclude any

prior illness or injury that might have interfered with the testing.
Test day one

A standardized warm-up of five 5-min submaximal stages with a 2- to 3-min break between stages was
performed in the upper-body poling mode at an overall rating of perceived exertion (RPE) of 7 (very light),

9 (very light), 11 (light), 13 (somewhat hard) and 15 (hard). Next to serving as a warm-up, the submaximal
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stages were used to familiarize the participants with the use of the Borg scale [31] to indicate RPE after the
incremental test and each of the 5-min stages on day two. After a 5-min break, the incremental test started
at the individual power output of the third submaximal stage (rounded to the nearest 10-point value), and
participants were instructed to continuously increase power output by 10 W every 30 s. The test was
terminated when the participant, despite strong verbal encouragement, could no longer maintain the
required power output of the 30-s stage and the VO, values either plateaued or decreased (a drop of more
than 2 mL-kg'-min™). After the incremental test, participants recovered passively for five min and actively
for three min (at the power output of the first submaximal stage). They then performed a verification stage
at a 10% higher power output than the peak power output of the incremental test (rounded to the nearest
10-point value) to verify the attainment of a true VOnpeak [32]. The verification stage was terminated when

the participant dropped more than 10% of target power output for more than five s.

Test day 2

Seven to eight 5-min stages were performed with a 2- to 3-min break between stages and in the same upper-
body poling mode. The first stage started at 20% of the individual peak power output obtained during the
incremental test on day one, with increases of 10% (of the individual peak power) for each consecutive
stage. The last stage was terminated when the participant, despite strong verbal encouragement, could no
longer maintain the power output of that stage and dropped more than 10% in the target power output for
longer than five s. The intermittent exercise protocol was chosen to take a BLa sample from the fingertip
in between stages. The duration of five min per stage was chosen, since in an upper-body mode two to three

min are needed to achieve steady-state of physiological outcome parameters[33].

Outcome measurements
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Heart rate was measured every second with a heart rate monitor (Polar Electro Inc., Port Washington, NY,
USA), and respiratory parameters (i.e., VO, VCO,, VE, and respiratory exchange ratio (RER)) were
measured breath-by-breath and averaged over 10 s by the in-built software of a Metamax II. A blood sample
was taken from the fingertip and BLa analysed with a Lactate Pro device (Arkray Inc., Japan) at rest and
directly after each of the submaximal stages on day one and day two, and one and three min after the
incremental test and the verification stage as well as the last stage of day two. Overall RPE was recorded
after each of the submaximal stages on day one and two, as well as after the incremental test on day one
and the last stage on day two. Power output was displayed per stroke and saved as 20-s averages during the
submaximal stages on day one and day two by the in-built Concept2 software (Concept2, Morrisville, VT,
USA). Peak power output during the incremental test and during the verification stage was registered as the

highest 30-s average.

Data analysis

Data processing

Peak power output and gas exchange outcome parameters were calculated as the highest 30-s moving
average and HR;cu as the highest 3-s moving average of the incremental test performed on test day one.
The gas exchange, heart rate and power output data of the last two min (12 x 10-s averages) of each complete
5-min stage conducted on test day two was included for data analysis in MATLAB (R2016a; Mathworks
Inc., Natick, MA). The analyses in the following were based on the concatenated 2-min gas exchange data

for the VT and RCT and on the BLa values after each 5-min stages for the LT1 and LT2.

Different methods were used to determine both the VT and the RCT, as well as the LT1 and the LT2. For
the determination of the VT, VO, was plotted against VCO, (V-slope method) [3] as well as the stages
against VE/VO; and VE/VCO; (ventilatory equivalent method) [7] and two regression lines fit to the data.

9
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For a valid detection of the VT with the ventilatory equivalent method, the VE/VO; had to increase before
an increase in VE/VCO;[15, 34]. For the detection of the RCT, VCO; was plotted against VE [3] and two
regression lines fit to the data. The LT1 was determined as the first fixed rise in BLa concentration by 0.4
and 1 mmol-L" above the lowest individual BLa value [5, 35]. Additionally, the LT1 was determined by
breakpoints in the log-log transformed VO,-BLa relationship [4]. The LT2 was determined by a fixed BLa
concentration of 4 mmol-L™! [36]. Additionally, the LT2 was determined by the modified Dmax method,
which identifies the point on the 3" order polynomial curve fitted to the BLa values that yields the maximal
perpendicular distance to the straight line formed by the first stage with an increase of 0.4 mmol-L-! and
the BLa measured after the last stage [5]. Outcome parameters (% of peak power output, % of VOapeak, %
of HRyeak, as well as BLa and RPE) were interpolated at the thresholds identified with each of the above

described methods used to determine the VT, LT1, RCT and LT2.

Statistical analyses

Paired-samples t-tests were used to compare the physiological and perceptual outcome parameters within
the VT, LT1, RCT and LT2, and between all four different thresholds. Pearson’s r was used to investigate
relationships between the outcome parameters identified with the different methods used to determine VT,
LTI, RCT and LT2. Ranges of 0.26-0.49, 0.50-0.69, 0.70-0.89 and 0.90-1.0 were used to indicate low,
moderate, high and very high correlations according to Munro’s criteria [37]. An a level of 0.05 was used

to indicate statistical significance.

To compare the fit of breakpoint models versus continuous linear or curvilinear (no-breakpoint) models to
the gas exchange data, two regression lines (equation 1) versus a single linear regression line (equation 2),
an exponential curve (equation 3), and a 3™ order polynomial curve (equation 4) were fitted to the VO»-

VCO,, VE/VO,, VE/VCO,, and VCO,-VE data by linear least squares fitting.

10
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237  yis the variable of interest, a the y-axis offset, b the slope coefficients, ¢ and d spreading coefficients, g the
238  x-axis offset and & the point where the first and the second regression line of the piecewise function cross.
239  To compare the fit of the four models, the Akaike information criterion (AIC) (equation 5) [38] and the
240  Akaike weights (w;) (equation 7) for each model 7 relative to the set of R candidate models were calculated

241  based on the delta AIC (A;) (equation 6) [39, 40].

242
SS
A1C=n-log( n”)+2-K )
Delta AIC = A= AIC; — AlCypeq (6)
Ai
] exp(—j)
AIC weight = w; = ———— (7N
IR exp?)
243

244 nis the number of data points, SS., the error sums of squares, and K the number of parameters +1 of each
245  model. Our rationale was that a better fit of the two regression lines (breakpoint model) as compared to the
246 linear/curvilinear models (continuous no-breakpoint models), would suggest the presence of a breakpoint.

247
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Results

The outcome parameters identified with different methods used to determine the VT, LT1, RCT and LT2
(Fig 2) are presented as percentage of the respective peak power output, VOapea and peak HR obtained

during the incremental test (Table 2).
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Fig 2. Outcome parameters at the VT, LT1, RCT and LT2. Outcome parameters at the aerobic
threshold are determined by the V-slope (VO,-VCO, data) and the ventilatory equivalent method
(VE/VO: data) to identify the VT, and a fixed rise in BLa of 0.4 and 1.0 mmol-L"' and the log-log
transformed VO,-BLa data to identify the LT1. Outcome parameters at the anaerobic threshold are
determined by the ventilatory equivalent method (VE/VCO; data) and the respiratory compensation
point (VCO,-VE data) to identify the RCT, and the modified Dimax method and a fixed BLa value
of 4 mmol-L"! to identify the LT2. The data used is from 15 elite ice sledge hockey players
following a protocol with stepwise increases in workload every 5 min while upper-body poling.
The data presented is the mean of all 15 participants and error bars denote +1 SD.

Filled squares in the left columns denote significant differences between methods at an alpha level
of 0.05.

Filled squares in the right columns denote significant correlations of methods (green = moderate,
yellow = high, orange = very high)).
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Fig 2 (continued).
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Table 2. Mean £ SD (95% CI) peak power output and peak physiological and perceptual outcome

parameters.

Peak values
Peak power output (W) 144 +37 (125-163)
VOzpeax (ML-kg ! min™) 36 +7(32-39)

HR pexi (beats min™) 188 + 12 (182-194)
Blood lactate (mmol-L) 14.4+£1.5(13.7-15.2)
RPE (6-20) 19.7+0.5 (19.4-19.9)

The data was collected during an incremental test to exhaustion while upper-body poling of 15 Norwegian
ice sledge hockey players.
Peak oxygen uptake (VOipear), peak heart rate (HRpear), rating of perceived exertion (RPE)

All outcome parameters identified at VT with either the V-slope or the ventilatory equivalent method were
significantly higher than the ones at both the LT1 (+0.4) and LT1 (+1.0) (all p<0.001), but not significantly
different from the ones identified with the log-log transformed VO,-BLa method (all p>0.06) (Fig 2).
Additionally, most of the outcome parameters identified at the VT did not significantly correlate with the
corresponding ones at LT1 (+0.4) or LT1 (+1.0) (exception: BLa at LT1 (+0.4): r=0.55, p=0.03; all other
outcome parameters: r<0.38, p>0.17) (S1 Excel file, sheet “correlations”). All outcome parameters at LT1
(+0.4) and LT1 (+1.0) were highly or very highly correlated (all r>0.83, p<0.001). In addition, some of the
outcome parameters identified with breakpoints in the log-log transformed VO,-BLa moderately correlated
with the outcome parameters identified by the V-slope method (HR: r=0.64, p=0.01; BLa: r=0.54, p=0.04)

and the breakpoints in the VE/VO; data of the ventilatory equivalent method (HR: r=0.54, p=0.04).

The outcome parameters identified with breakpoints in the VCO,-VE data at the RCT (e.g. BLa: 5.5+1.4
mmol-L"') and with the modified Dy method at the LT2 (5.5+1.1 mmol-L"!) were higher compared to
parameters identified with VE/VCO; method (4.9£1.5 mmol-L") and a fixed BLa value of 4 mmol-L! (all
p<0.03). Furthermore, there was no significant difference between the outcome parameters identified with
V-slope method used to determine the VT and the ones identified with breakpoints in the VE/VCO, data

used to determine the RCT (p>0.22). However, most outcome parameters identified at the breakpoints in

15
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the VE/VO;and VE/VCO, data (ventilatory equivalent method) were highly or very highly correlated with
those identified at the breakpoints in the VCO»-VE data (RCT) (exception: % of VOapeax 1=0.67, p=0.006;
all other outcome parameters: r>0.73, p<0.01) (Fig 2). In addition, most outcome parameters identified at
the thresholds in the VE/VCO; data were moderately to highly correlated with the same outcome parameters
at the thresholds identified with the modified Dmax method (exception: % of peak power output: r=0.44,
p=0.10; all other outcome parameters: r>0.57, p<0.03). Furthermore, there was no significant difference
between the outcome parameters identified with the log-log transformed VO,-BLa method used to

determine the LT1 and at a fixed BLa concentration of 4 mmol-L- used to determine the LT2 and (p>0.43).
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For the gas exchange data, all fitting procedures for the VO,-VCO, and the VCO,-VE plots, including the
single linear regression line, showed very good fit on the data for all 15 participants (mean 1>>0.97) (Table
3). However, the fit of the breakpoint model compared to the continuous no-breakpoint models on the VO»-
VCO; and the VCO,-VE data was only better among five participants. Accordingly, the continuous no-
breakpoint models had 71% and 68% probability of being the best models for the VO,-VCO; and the VCO,-
VE data, respectively (Table 4). Exemplary VO,-VCO, and VCO,-VE plots are illustrated in Fig 3 and 4,

respectively.
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Fig 3. Exemplary VO,-VCO:; plots. The VO,-VCO, data was fitted with a single regression line,
a bilinear regression line, an exponential curve, and a 3™ order polynomial curve for an athlete
without breakpoint (the four plots to the left) and with suggested breakpoint presence (the four plots
to the right). (Note that the plots of the five athletes with a suggested breakpoint also show a rather
linear increase in the VO,-VCO; relationship.)

Oxygen uptake (VO>), carbon dioxide production (VCO>)

18



348
349
350
351
352
353
354

No breakpoint Breakpoint
Single regression line

100 120

80
60

40

20

Bilinear regression line

100 120
<0 100
80
£ 60 ¢
P 60
0 < 40
20 20
1 15 2 1 L5 2 25

Exponential curve
120
100
80
60

40

20
1 15 2 1 1.5 2 2.5

3 order polynomial curve
120
100

80

60

40

20
1 1.5 2 1 1.5 2 2.5

veo, Vo,

Fig 4. Exemplary VCO:-VE plots. The VCO»-VE data was fitted with a single regression line, a
bilinear regression line, an exponential curve, and a third order polynomial curve for an athlete
without breakpoint (the four plots to the left) and with suggested breakpoint presence (the four plots
to the right). (Note that the plots of the five athletes with a suggested breakpoint show a rather
curvilinear increase in the VCO,-VE relationship.)
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In the gas exchange data displayed in the VE/VO; plots and the VE/VCO; plots, the breakpoint model fitted
better than the continuous no-breakpoint models in six and seven of the athletes, respectively (Fig 5).
Accordingly, it is unclear if in general the breakpoint or continuous no-breakpoint models fit the VE/VO,
and the VE/VCO; data best (Table 4). The rise in VE/VO; occurred earlier than the VE/VCO; only in four
athletes (Fig S1). The VT detection by the VE/VO, relationship was, therefore, only valid in these four
athletes. In none of these four athletes, did the breakpoint model fit the VE/VO, data better than the

continuous no-breakpoint models.
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Fig 5. Exemplary VE/VO; and VE/VCO; plots. Exemplary VE/VO, data fitted with a bilinear
regression line and a 3™ order polynomial curve for an athlete without breakpoint (upper two plots
to the left) and with suggested breakpoint presence (upper two plots to the right). Exemplary
VE/VCO:; data fitted with a bilinear regression line and a 3™ order polynomial curve for an athlete
without breakpoint (lower two plots to the left) and with suggested breakpoint presence (upper two
plots to the right).

Oxygen uptake (VO,), carbon dioxide production (VCO;), minute ventilation (VE)
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Discussion

The main aim of this study was to compare physiological and perceptual outcome parameters identified
with common gas exchange and BLa thresholds methods used to determine the VT, LT1, RCT and LT2 in
Paralympic athletes while upper-body poling. Furthermore, we compared the fit of breakpoint models used
to determine gas exchange thresholds to the fit of continuous linear or curvilinear (i.e., no-breakpoint)
models. The LT1 occurred at much lower exercise intensity than the VT although both are used as indicators
of AT, whereas there were no or minor differences between the methods used to identify the RCT and LT2
that determine the ANT. Furthermore, the RCT and LT2 did not differ from the VT. In addition, the outcome
parameters corresponding to the LT1 and LT2 using the log-log transformed VO,-BLa data and the
modified Dmax method, respectively, were significantly higher than ones identified with fixed BLa values at
the LT1 and LT2 (i.e., rise in BLa of +0.4/1.0 at LT1 or BLa concentration of 4 mmol-L"! at LT2). We were
able to determine breakpoints at the VT and RCT with different gas exchange methods with good fit in all

15 participants, although continuous no-breakpoint models showed even better fit for most participants.

The physiological and perceptual outcome parameters identified with a fixed rise in BLa at the LT1 were
significantly lower than the ones at the VT, and the outcome parameters using these methods only low or
moderately correlated with each other. Overall, this indicates that these two thresholds cannot be used
interchangeably to determine the AT. In addition, thresholds identified by a fixed BLa increase at the LT1
were significantly lower compared with the breakpoints identified in the log-log transformed VO,-BLa
data, showing that individually adjustable BLa methods did not correspond with fixed methods in
determining the LT1. The early occurrence of a rise in BLa in upper-body exercise is in accordance with
Beneke et al. [41], who found BLa to be higher at a given workload in activities involving smaller muscle
mass, where power output per kg of active muscle mass and, thus, local metabolic stress is increased
compared to lower body exercise. In addition, BLa accumulation after cessation of exercise was shown to
be faster in individuals with a spinal cord injury as compared to able-bodied individuals [42]. However,
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although outcome parameters identified with breakpoints in the log-log transformed VO,-BLa data are not
significantly lower than the ones identified at the VT, outcome parameters identified with methods using

fixed BLa values to identify the LT1 are much lower than the VT.

As estimates of the ANT, the outcome parameters identified with the Dpax method to determine LT2 did
not significantly differ from the ones identified with breakpoints in the VCO,-VE data at the RCT, whereas
the outcome parameters identified with breakpoints in the VE/VCO, data were significantly lower than
these. However, the outcome parameters identified by the latter method differ only marginally from the two
other ANT methods, indicating that the exercise intensity where a disproportionate increase in BLa and in
VE occurs is located relatively similar. Note that we decided to not correct for multiple comparisons and
rather present the uncorrected p-values from paired samples t-tests instead. Although we are aware of the
subsequent increased chances of making a type 1 errors, the decreased chances of making a type a type 2
errors were regarded more important, which is in accordance with Rothman (1990)[43]. However, if
Bonferonni corrections would have been used in this specific case, there would have been no significant

differences between the outcome measures identified at with these three methods.

Furthermore, most of the outcome parameters identified with the different methods at the LT2 and RCT are
low to moderately correlated, coinciding with high individual variation in the outcome parameters within
each of the methods used to identify the LT2 and RCT. This indicates that an individual with a high LT2
does not necessarily display a high RCT. The high individual variation may be explained by disability-
related differences in the cardio-respiratory system that might affect physiological responses to upper-body
exercise. For example, athletes with a spinal cord injury exercising in an upper-body mode were shown to
vary considerably in their VOzya depending on their level of injury [44], which might also reflect
differences in the % of VOapeak that can be sustained during exercise. In addition, the inclusion of one
participant that was much older than the rest and one female participant may have contributed to the high
variation. Furthermore, individual variation in physiological responses may be higher in upper-body
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exercise compared to lower-body exercise. Altogether, it is questionable whether the similar outcome
parameters identified at the LT2 and the RCT on a group basis, result in similar outcome parameters at the

LT2 and RCT for the individual sitting athlete when training in an upper-body mode.

The thresholds identified by the breakpoints in the VE/VO; at the VT and in VE/VCO; at the RCT did not
significantly differ and were highly correlated. This, together with the rather linear increase in the VO»-
VCO; relationship suggests that it is solely the disproportionate rise in VE that leads to a rather rapid
increase in the data of the VE/VO,, and the VE/VCO: plots, and to discernible breakpoints in approximately
half of the participants. Together with the close location of the breakpoints identified in the VCO,-VO, data
at the VT and the VCO,-VE data at the RCT, this indicates that a two-phase (low-high) rather than a three-
phase (low-moderate-high) intensity zone model could be applicable in athletes with a disability who
exercise in an upper-body mode. This is in contrast to significant differences between the VT and the RCT
in Dekerle et al. [45], who test able-bodied participants in the arm crank ergometry mode, and Leicht et al.
[18], who tested wheelchair athletes in the wheelchair treadmill mode. However, our findings are in line
with a study of Pires et al. [46] who also found one rather than two thresholds in the gas exchange data in
upper-body trained able-bodied participants during exercise in the arm crank ergometry mode. Whether the
discrepancies between studies are related to employment of e.g. different populations, protocols or exercise

modes needs to be examined further in other experimental designs.

All gas exchange threshold methods have in common that there is an a priori assumption of the presence of
a breakpoint, defined as “a place where an interruption or change occurs” [47]. However, the presence or
absence of breakpoints in the gas exchange data is a debated topic [8, 12]. Thus, in addition to the breakpoint
models used to identify the VT and the RCT in the present study, we fitted continuous no-breakpoint models
to the data to investigate if there are clear breakpoints in our data. Here, we found good fit for the breakpoint
model used to identify the gas exchange thresholds, but better fit for the curvilinear no-breakpoint models
in most cases. We, hence, question if clear breakpoints really exist in the gas exchange data of athletes with
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disabilities in an upper-body exercise mode. However, since there were only minor differences in the fit of
the different models, even in the participants with suggested breakpoint presence, the practical

consequences of these differences can be questioned.

Conclusion

In Paralympic athletes who exercise in upper-body poling, the physiological and perceptual outcome values
identified at the VT and the LT1 showed large differences, which demonstrates that these cannot be used
interchangeably to identify the AT. In addition, the close location of the VT, RCT and LT2 does not allow
us to distinguish the AT and ANT, indicating that there might only be one threshold in athletes with a
disability exercising in an upper-body mode. Furthermore, continuous no-breakpoint models fit the gas
exchange data better than breakpoint models in most participants. We, hence, question if clear breakpoints

in the gas exchange data really exist in an upper-body exercise mode in athletes with disabilities.
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