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Simple Summary: Upper body endurance training is a widely underrated workout for improving
endurance performance in healthy persons and is heavily understudied to date. Thus, the aim of
this systematic review was to summarize the research in this field with respect to improvements in
cardio-respiratory fitness. On average, upper body endurance training improved oxygen uptake
and performance in the trained muscles. Evidence of transfer effects from trained arm to untrained
leg muscles was inconclusive. Recommendations for upper body endurance training based on the
outcome of this review include the following: (a) training programs should be performed for more
than five weeks; (b) intensities greater than 70% of peak oxygen uptake in the arms should be used;
and (c) continuous or interval training modes are both equally effective.

Abstract: Purpose: This systematic review aimed to evaluate the effects of upper body endurance
training (UBET) on oxygen uptake (VO,) in healthy persons and derive evidence-based recommen-
dations to improve upper body fitness and performance. Methods: Databases were systematically
searched in accordance with PRISMA guidelines until 1 February 2023. Eligibility criteria included
healthy male and female adults and older adults who underwent an UBET intervention. Outcomes
of interest included physical fitness (VOppeax and/ or VO, sypmax) and transfer effects (i.e., effects
from trained (VOspeak aArRM) t0 untrained (VOppeak LEG) musculature). Results: The search identi-
fied 8293 records, out of which 27 studies reporting on 29 interventions met our eligibility criteria.
The average duration of interventions was 6.8 + 2.6 weeks with 3.2 & 0.8 training sessions per
week. For 21 of 29 interventions, significant increases in VOppeax ARM Were reported following UBET
(+16.4% =+ 8.3%). Three of the nine studies that analyzed transfer effects of untrained legs after
upper body training exhibited significant increases in VOypeak LEG (+9-3% =+ 2.6%). Conclusions:
This review showed that UBET is a beneficial and useful training modality to increase the oxygen
utilization in the upper body. Although UBET is an uncommon form of endurance training in healthy
individuals, transfer effects to the untrained muscles can be observed in isolated cases only, rendering
transfer effects in UBET inconclusive. Further research should focus on the peripheral changes in
muscle morphology of the trained muscles and central changes in cardiovascular function as well as
when transfer effects can occur after UBET in healthy people.

Keywords: upper body endurance training; arm crank ergometry; wheelchair exercise; handcycle;
VOypeak; transfer effects

1. Introduction

Constant-intensity and interval endurance training are widely used to improve several
health and performance indicators. Generally, the training mode consists of running or
cycling, i.e., most of the current research analyzes the effects on changes in peak oxygen
uptake (VOopeax) after exercising with large muscle groups [1-3], i.e., lower body endurance
training. There is an increasingly large body of research for upper body endurance training
(UBET) or acute effects of upper body training, i.e., exercising with small muscle groups, in
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rehabilitation or performance settings (e.g., professional para-handcycling) for spinal cord-
injured individuals (SCII) [4-6]. This article is the first systematic review to summarize
the effects of UBET in healthy individuals and not in SCIL. It is, thereby, an important
contribution to exercise science because (a) UBET provides additional opportunities for
healthy adults to reach fitness goals and health benefits and (b) UBET can be used to bridge
fitness during injury periods. With targeted training guidelines, this systematic review
provides an evidence-based approach to UBET.

1.1. Physiology of UBET in Healthy Persons

It is necessary to verify whether UBET holds advantages in non-clinical populations.
For evidence-based recommendations by which to improve upper body performance and to
know for which individuals hand cranking is useful, central and peripheral hemodynamics
in exercising humans must be considered.

Comparing Upper and Lower Body Endurance Training

In a study by Calbet [7], systemic vascular conductance, peak cardiac output and
stroke volume were lower during arm cranking than leg pedaling. However, mean blood
pressure, the rate-pressure product and the associated myocardial oxygen demand were
higher during maximal arm cranking than leg pedaling [7]. Accordingly, the estimated
work performed by the heart at maximal intensity is higher than that during leg pedaling,
although cardiac output was lower during arm cranking. After low-intensity training, mean
O, transit time in the arm is unchanged but O, diffusing capacity is elevated which most
likely results from increased perfusion pressure rather than enhanced vasodilation [7,8].
Elevated perfusion pressure is likely due to a higher mean arterial blood pressure during
arm cranking compared to leg pedaling [9-11]. During combined arm and leg exercise
in an upright position, the carotid baroreflex (CBR) regulates the blood pressure in direct
relation to work intensity and engaged muscle mass. Therefore, the blood pressure is
lower during combined arm and leg exercise than during arm cranking alone as the
central blood volume is enhanced by the muscle pump of the legs and CBR resets blood
pressure to a lower level [12]. The combined effect of a reduction in mean arterial pressure
(MAP) and sympathetic vasoconstriction alters the distribution of cardiac output [9-11,13].
These earlier findings implicate that whole-body exercise is advantageous to distribute
workload between arms and legs and leads to a lower amount of work for the heart
compared to exercising the arms alone. This may also explain the incidence of heart attacks
during gardening or snow shoveling, where upper body work and its high isometric work
component are involved [14].

1.2. Transfer Effects

The knowledge of “transfer effects” defined as adaptation from trained to untrained
musculature is of great interest in exercise science. Even now, it remains uncertain what
training effects are transferable (i.e., increase in performance measured during exercise
to untrained muscles). In a seminal study by Saltin et al., one of the earliest to assess
transfer effects, peripheral (changes in the trained skeletal muscles) and central changes
(changes in central circulatory functions) to one-legged exercise after 4 weeks of training
were investigated [15]. One of the major findings was that all subjects demonstrated an
improvement in the two-legged VO;pcqx after one-legged training. However, improvements
in VOypeak and lowered heart rates and blood lactate responses at submaximal work levels
were only found for the trained leg. Therefore, one-legged training likely caused some
transferable improvement of the central cardiovascular function. Another transferable
enhancement of oxygen uptake in non-trained arms after leg training was seen in the
study by Clausen et al. [16]. The studies by Klausen et al. [17] and McKenzie et al. [18]
showed that the lactate concentrations in arterial blood were significantly decreased after
exercising with the trained muscle groups and did not change significantly during exercise
with non-trained muscle groups. Furthermore, our own study on transfer effects found
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an increased cardiovascular performance measured during exercise involving untrained
arms in healthy subjects [19]. In the study by Swensen et al. [20], only two-legged training
induced significant gains in arm aerobic capacity whereas two-legged and one-legged
training resulted in significant two-legged aerobic capacity [20]. The authors suggested
that improvements in untrained muscles were dependent on the quantity of muscle mass
involved in the training [20]. This raises an important question: whether effects from smaller
muscle groups such as arms transfer to larger muscle groups such as legs. Physiologically,
aerobic training induces peripheral adaptations (increased capillary density [21], oxidative
enzyme activity [22], greater mitochondrial density [23]) in the trained muscles and central
adaptations (improvement in oxygen transport and oxygen uptake by the trained and
untrained muscles [16,24]), which potentially mediate transfer effects to improve exercise
performance. However, studies elucidating these mechanisms, especially in the case of
UBET, are rare.

Thus, the aim of this review is to summarize research on UBET in healthy participants
with respect to improvements in cardio-respiratory fitness. The findings of this system-
atic review could provide a foundation for evidence-based recommendations on training
design, length, intensity and duration best suited to improve upper body performance
assessed by physical capacity (VOypeak ARM, POpeak ARM)- In addition, submaximal param-
eters (VO2submax ARM, POsubmax ARM) and transfer effects from arms to legs (VOzpeak LEG,
VOzsubmax LEG, POpeak LEG, POsubmax LEG) are assessed to elucidate how UBET might be
beneficial to submaximal performance and non-trained musculature fitness.

2. Materials and Methods

A systematic literature search was conducted in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) standard [25] (Figure 1).
The electronic databases of PubMed, Web of Science, Scopus and EMBASE were systemati-
cally searched until 1st of February 2023, using identical search strings (Table S1). English-
and German-language publications in non-clinical human populations with no restrictions
to the study design were included. To minimize selection bias, two authors (N.M. and
H.M.) independently performed the literature screening process using the software tool
rayyan.ai. The search process included the removal of duplicates, the screening of titles and
abstracts, as well as the assessment of full texts for eligibility. Additionally, reference lists
of all potentially eligible full texts and upper body exercise-related review articles were
manually checked for further eligible studies.

2.1. Eligibility Criteria

Eligibility was determined at the levels of title of the article and of the abstracts and
full texts. Inclusion criteria were healthy adults, children and elderly persons (independent
of their habitual training status) of all genders who were undergoing an upper body
endurance training intervention. Exclusion criteria were patients with chronic or acute
diseases (e.g., diabetes mellitus, cancer, COPD, obesity) or injuries (e.g., palsies, spinal cord
injuries, traumatic injuries). All types of endurance training on an arm crank ergometer
(A), a wheelchair ergometer (W) or on a handcycle (H) were eligible. Another inclusion
criterion was described as at least one of the experimental groups performed upper body
endurance training. Studies that examined training that involved legs (such as combined
training intervention), additional upper body resistance training, functional electrical
muscle stimulation, whole-body vibration or conducted training in hypoxic conditions or
used special diets during the training intervention and/or tests were excluded from further
analyses after the initial search.

Finally, to ensure that the effects of different UBET on oxygen uptake (VO,) in healthy
people were evaluated, it was necessary that all final selected studies measured VOppeax
and/ or VOygpmax at pre- and post-training interventions. Furthermore, only training
interventions with a minimum duration of 2 weeks were included.
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2.2. Data Extraction

The following data were extracted from each eligible full text: (a) general study in-
formation (first author’s last name, publication year), (b) subject information (sample
size, gender, age, height, weight, training status), and (c) intervention data of upper body
training (training mode: length, intensity, duration, test device; test protocols). Further-
more, objective measures of physical capacity outcomes (VO2peak ARM, POpeak aArRM) and
VOssubmax ARM Were assessed. Other outcomes, for example, peak and submaximal HR,
LA, Vg, RER and RPE, were only mentioned. Transfer effects, i.e., effects from arm training
to changes in performance tests on a bicycle ergometer (cycling) or on a treadmill (running)
(VO2peak LEG, POpeak LEG) Were also extracted.

— Records identified
PubMed (n = 2380)
E Web of Science (n = 2838)
E Scopus (n = 5864)
£ EMBASE (n = 3475)
o
b}
= v
) Total records (n = 14557)
Duplicates
—_— l—’ removed (n = 6264)
Titles screened (n = 8293) Titles excluded (n = 8234)
= wrong study design/ wrong con-
tent (3954)
> l—’ « no healthy participants (2775)
E = wrong training method (1068)
g Abstracts screened (n = 59) = wrong publication type (312)
& *  extra drug/ supplement (45)
* noVO2 measurement (43)
e training duration <2weeks (37)
Abstracts excluded (n = 13)
— * wrong content (13)
)
Full texts assessed for Full texts excluded, reasons (n =
z eligibility (n = 46) 23)
a « wrong training method (8)
g * no training intervention
Additional records (3)
identified (n = 4) ) + no VO2 measurement (5)
D — « no healthy participants
— 3)
3 * training duration <3wk (2)
E | .FuII -lexts assessed for o review (1)
= inclusion (n = 27) «  no article found (1)
—

Figure 1. PRISMA flowchart of the systematic review process. PRISMA, Preferred Reporting Items
for Systematic Reviews and Meta-Analyses.

3. Results

A detailed overview of individual results across the included studies is provided in
Tables 1-3. A total of 14,557 studies were identified through the initial search strategy
(Figure 1). In a first step, 6264 duplicates were removed. After the screening of titles and
abstracts, 8247 articles were found to be ineligible and were excluded. A total of 46 full-
text articles remained for further eligibility assessment. Additionally, screening reference
lists of related articles retrieved a further four studies. Out of these 50 fully screened
papers, 23 papers were excluded based on reasons specified in Figure 1. Consequently,
27 articles [16-18,24,26-48] were included for final evaluation.
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Table 1. Characteristics of studies evaluating the effects of arm crank exercise (ACE) on aerobic performance.

Physical
Control Group/ Leg Training . . Capacity Other
Study Sample Group/SCII Status Training Design Out- Outcomes Test Protocol
(Author, Year) comes
A A . Durati Test
n Sex ( }%e n Sex ( }%e Length Intensity ?nrsr:;) n Deifsice VOjpeak ARM  VO2submax ARM
Peak and
submax .
Physically A VO,, PO, I};%,I(r)l 1&21
Bhambhani 8 g 38 81G g 41 active, no 3d x wk! Con, 72% 30 Arm VOspeak HR, Vg, 125 W 6 min at VT;
1991 [26] specific arm 8 wk VOspeak cycling PO RER, A 50 rpm
s P! . peak every 2 min;
training device Ospuise, RPE 50 rom
for arm and P
S - leg exercise
Yy 5 o Submax 2 X 15 min at
—il _

R - g 23  5LG o 24 active, no TGS -4 % S minat 4x5  Modified - not oy, LA, 130 and
Pl w. P Y u RER, HR 170 bpm
training ergometer

TTP: Initial ;
i A Peak HR 30 min at
Untrained, _ o - i’ PO: 30 W; 50
El-Sayed 2004 7 n.d. 32 5SCII  nd. 31 sedentary 3d x wk! Con, 65% 30 Arm VOopeak VE; submax +30 W every 60-65 /O.
271 lifestvl 12 wk VO2peak crank POpeak platelet > min: VOazpeak;
itestyle ergometer aggregation 60—65 rp/m 60-65 rpm
Physically 1 A o 1\’]?1%1;%{{ ITP: Initial

Hill2018[281 10 9/¢ 66 10LG 9/d 66 active, no 3d x wk Con, 50-70% 20-45 Arm VOopeak  RpEforarm 1O 25 W
specific 6 wk POpeak crank Opeak and le +10 every
training ergometer exercisge min; 60 rpm

Physically A :

Klausen 1974 5 & 23 51.G & 04 active, no 5d x wk1 I,4 X 5min at A5 5 Modified not S‘l/lgmal){EIkA’ 2 Xl?}g ;1;11(2111 at

[17] specific 5wk 170 bpm cycle measured 2 ¢
et HR 170 bpm
raining ergometer
4x10s
T1: 11 d 23 (2 min
Physicall nt, All-out ey A Wingat ITP: Initial
ysically sprints usin T ingate : Initia
La Monica T2 11 - 2 3CG s 24 acfive, no 3d x wk-! 0 (}))51k K %1 4 4>< 10s Modified VOopeak  Test (CP, W/, PO: 30 W;
2019 [29] : specific arm 2 wk : 8 g (4 min cycle POpeak PP, MP, TW), +10 W every
training body mass rest) ergometer EMGgr min; 50 rpm
loading 4%30s
T3:10 d 23 (4 min
rest)
Peak and
. bmax "
Physically A = ITP: Initial ;
Lewis 1980 active, no 4d x wk! Con, 75-80% Modified VO, HR, PO: 25 W; 2 >§ 10 min atA
5 g 20 5LG g 22 i 30 VOspeak  VE, VE/VOy, 70% VOopeak;
[24] specific 11 wk VOsypeak cycle P +17 W every
trainin P! RPE for arm ; 60 rpm
g ergometer and leg min, 70 rpm

exercise
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Table 1. Cont.
.. Physical
Control Group/ Leg Training o . ysic Other
Stud Sample Training Design Capacity Test Protocol
(Au‘;hgr, Group/SCII Status Outcomes Outcomes
Year) A A . Durati Test
n Sex ( )%e n Sex (}%e Length Intensity ?IEIS) n Def/sice VOspeak ARM VOs5ubmax ARM
Peak Vg, Q -
Int A E/ < ITP: Initial PO: .
. _ , s HR, SV, (a-v) 5 min at 14.7 W
Loftin 1988 4d x wk! 2 x 70% HRR, Modified 4 441W; .
[30] 19 Q 22 19 CG Q 24 n.d. 5wk 2 % 80% HRR. 6-4 cycle VOspeak Oogitfs dfcl)r +14.7 every 3 min, an% 95 invl& at
2 x 90% HRR ergometer arm and ‘g 60 rpm ’
exercise
Peak and DTP: 4 min work
submax and 10 min rest;
VO, VE Initial PO: 0 W,
. A RER,ZQ HR, 40 rpm; resistance
Magel 1978 4 g 24 7CG ¢ 23 nd. 3d x wk Int, 85% HR oy~ 6x 4  Modified —yq SV, (awv) ~ wasincreased to
31] 10 wk P 1 P
w cycle Ot for 1.0 kg (240 kg x
ergometer " ) .
arm and leg m~ X min
exercise and then by 0.5 kg
(running) (120 kg:m~1-min~1)
Elv?;ii A Submax
. Untrained _ e VO, HR 8-10 min at 63
McKenzie 4 5d x wk! Int, close to bouts Modified not , /
1978 [18] 7 g 20 8LG g 20 Sf?er;tziry 5wk 180 bpm between cycle measured LA, total ar5181 r83n‘1N’
Hestyle 30sand ergometer exercise p
2 min) time
ITP: Initial PO: ¢:
. 20 W; +10 W/min
T 10 9/ 24 physically Con, 80% 20 A up to 50 W, then
Pinto 2019 active, no 2d x wk1 peak Arm VOspeak Peak HR, +§ V\% r‘r/l\}n
i . . : ;
[32] ;}:ﬁ;; 6 wk g;\l}llzleg POpeax RPE; LA 420 W//min up to
20 (1 min 60 W, then
T2:10 Q/d 23 Int, 90% HRpeak on, 1 min +10 W/min;
off) >50 rpm
No extra
submax test
protocol; VT
A Peak and at was detected by
.. Untrained, -1 VT (submax) it . visual
1;3%161?3%51 6 d 68 6LG g 66 sedentary 3 dﬁ xﬁ( CatVT 30 ﬁ;nmk \I]JCO)ZPG“*k VO,, PO, 4{)TVI\)f;Ifét§/E\lll /IZnOm inspection based
lifestyle ergometer peak Vg, RER, on ventilatory
HR, Ogpulse equivalents and
end-tidal
fractions of O,
6 CG d 73 and CO,
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Table 1. Cont.
A Physical
Control Group/ Leg Training .. . ysic Other
Stud Sample Training Design Capacity Test Protocol
(Au‘;hgr, Group/SCII Status Outcomes Outcomes
Year) A A . Durati Test
n Sex ( )%e n Sex (}%e Length Intensity ?IEIS) n Def/sice VO2peak ARM VOs5ubmax ARM
) Int, Intermittent, A v Sub\r;la){/ mol;eﬁltr; 2:121 at
Rasmussen . 5d x wk~ maximal and not 2, VE, VT,
1975 [34] 5 d 23 5LG d 24 not described 5wk dynamic 60 Not measured Froo, HIR, a heavy
. described P submaximal
exercise Sapz, Svon workload
DTP: Initial PO:
Peak HR, 12 W; PO levels
Sedlock Untrained, d x wk-1 Modified VO LA and rogressivel 10 min at 70%
My 6 Q 25 4CG Q 23 sedentary 3d xw Int. 85% HR peak 4x4 odifie 2peak submax prog Y min at 70%
1988 [35] lifestvle 5wk P cycle POpeak VO, HR increased by VOzpeak
ty ergometer A 12 W with 4 min
LA, Q,SV -
rest periods,
50 rpm
DTP: 5 min work
bouts, 5 min rest;
A Peak and 4 workloads were
Simmons No regular 2d x wk! Con, 80% Modified VO2peak submax GE, selected so that
10 d 25 physical 30 each individual
1978 [36] - 4 wk VOspeak cycle POpeak Q,HR reached his
exercise ergometer (*graphic) maximumm
oxygen intake;
60 rpm
DTP: 5 min work
Untrained A bouts, 10 mlin
Stamford / 3d x wk! Modified Peak HR, rest; initia
1978 [37] 8 d 20 ILG d 19 sle_ilenteiry 10 wk Con, 180 bpm 10 cycle VOzpeax RER, Vg resistance: 1.5 kg,
tfestyle ergometer +0.5 kg/ work
bout; 60 rpm

ACE, arm crank exercise; T1-3, training group 1-3; LG, leg group; CG, control group; SCII, spinal cord-injured individuals; n.d., not described; Int, interval; Con, continuous; HRR, heart
rate reserve; VO,, oxygen uptake; bpm, beats per min; PO, power output; VT, ventilatory threshold; A, arm crank ergometer; submax, submaximal; HR, heart rate; Vg, ventilatory
efficiency; RER, respiratory exchange ratio; O,, oxygen; RPE, rate of perceived exertion; LA, lactate; CP, critical power; W’, anaerobic power; MP, mean power; TW, total work; EMGgr,
electromyographic fatigue threshold; Q, cardiac output; SV, stroke volume; (a—v) O,gif, arteriovenous oxygen difference; Vr, tidal volume; Fresp, respiratory frequency; Sa,p, arterial
oxygen saturation; Sv,,, oxygen saturation and oxygen tension in venous blood; GE, gross efficiency; ITP, incremental test protocol; DTP, discontinuous test protocol; rpm, revolutions
per min.
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Table 2. Characteristics of studies evaluating the effects of wheelchair exercise (WCE) on aerobic performance.

Physical
Study Sample Con(t;rrooluGioslt:pI/ILeg Training Status Training Design Capacity Olgf:}(:emres Test Protocol
(Author, P Outcomes
Year) age age . Duration Test
n sex ) n sex ) Length Intensity (min) Device VOzpeak ARM VOasubmax ARM
Physically i o
A W 2 X 3 min at 20%
De Groot active, no 3d x wk! ; Submax VO, o .
14 J 24 7 23 sl Con, 30% HRR 70 Standardized , and 40% POpeak;
2008 [38] specific arm 7 wk ’ : HR; GE I
file wheelchair ¢ 1.39m-s!
training i
Isometric i
ITP: Initial PO:
TL:14 24 Physically B Con, 30% HRR 70 W VO jmrength,  20% POpea; +#10% 2 x 3minat 20%
De Groot active, no 3d x wk Standardized 2pe prmt p 7 estimated POpeax and 40% POpeak;
2013 [39] 7:10 54 73 specific arm 7wk on, 30% heelchai POpeak peak HR; P -1
. training : wheelchair submax VO, every min; 1.39 m-s
T3: 13 J 22 Con, 70% HRR 30 ; ’ 1.39 m-s~!
DTP: Exercising at
1 A\ VOspeak Peak and each PO level (30,
Glager 1981 7 9 21 6CG 9 2 nd. 3d x wk Int, 80% HR peak 3x4 Wheelchair ~ POpea submax VO, 60,90, 120,
ergometer (*graphic) Vg, HR 150 kpm-min~!) for
4 min; 30 rpm
. Listened to
Goosey- T1: 8 nd. 20 Physically B 170 b w Peak HR, ITP: 0.1-0.2 m-s—!
Tolfrey 2011 6 CG n.d. 20 active, no 3d 3>< vl\ik ! _ vhem 1x4 Basketball VO2peak RPE; G_E; increments every
[41] To: 8 nd 20 specific arm w Listened to wheelchair propulsion min
: -d. training 125 bpm technique
Physically I Int, 4 min at VT W ITP: Initial PO: 0 W;
Grange 2002 7 ) 27 7SCI ) 35 active, no 3d x wk and 1 min at (53\,75]55“ Standardized \I’)%Pe‘*k Peak RPE, 410W every 2 min;
specific training w POpeak wheelchair peak 30 rpm
VT was detected
. by visual
X ) Maximal and . .
Tordi 2001 5 g 2 5LG I 23 Physically 3d x wk-! Int, 4 min at VT 9%5 W VOspeak at VT VO,, ITP: Initial PO: 8 W; inspection based
[43] active, no, 6wk and 1 min at (SWEET) Wheelchair PO,eak Ve HR, +10 W every 2 min; on ventilatory
specific training POpeak ergometer P Oz'pLllse 30 rpm equivalents and
G % end-tidal fractions
J of O, and CO;,
Not actively W Fio, peak HR ITP: Initial PO: 20 03 >1; 03 min
Van den Berg engaged in 3d x wk! . . VOopeak isos ’ 20% POpeak; o POpeax and
2010 [44] 10 J 23 15 CG J 23 sports over the 7wk Con, 30% HRR 30 Standardized PO,y submax YOZ, +10% POpeai,/ min; 40% POpeqy) at
wheelchair P HR, RER; GE
last year 1.39m-s! 1.39m-s™!
Not actively Figo, sprint ITP: Initial PO: 2 X 3 min
Van der T1: 9 J 23 engaged in 3d x wk! Con, 50% HRR W VOypeax power, peak 20% POpeax; (20% POpeak and
Woude 1999 8CG g 22 sports over the 7 wk 30 Wheelchair POpeak Slll'}gl}ﬁ aliEI{I{iQ +10% POpeak, min; 40% POpeak) at
sl ™10 o 23 last year Con, 70% HRR ergometer GE 139 ms~! 139ms!

WCE, wheelchair exercise; T1-3, training group 1-3; LG, leg group; CG, control group; SCII, spinal cord-injured individuals; n.d., not described; Int, interval; Con, continuous; SWEET,
Square-Wave Endurance Exercise Test; HRR, heart rate reserve; VO,, oxygen uptake; bpm, beats per min; PO, power output; VT, ventilatory threshold; W, wheelchair; submax,
submaximal; HR, heart rate; Vg, ventilatory efficiency; RER, respiratory exchange ratio; Oy, oxygen; RPE, rate of perceived exertion; LA, lactate; Q, cardiac output; SV, stroke volume; GE,
gross efficiency; Fiso, maximal isometric strength; ITP, incremental test protocol; DTP, discontinuous test protocol; rpm, revolutions per min.
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Table 3. Characteristics of studies evaluating the effects of handcycle exercise (HCE) on aerobic performance.
Physical
Study Sample Congf;ﬂ%;%‘glLEg Training Status Training Design Capacity Olgf:}(:emres Test Protocol
(Author, Outcomes
Year) ;
n Sex ?}%e n Sex ?}%e Length Intensity D?{;‘}:\lf n Test Device VO2zpeak ARM VOjsubmax ARM
No extra submax
protocol: 2nd, 4th
Peak HR, [TP: Initial PO and 6th stages of
. Physically _1 H RER, Vg RPE; : Initial PO: incremental test
Aboalg]2021 9 Q 21 10 CG Q 21 active, no 3 d7>< Vl\ik Con, 30% HRR 30 Attachable- \llj(ojzlf’eak submax VO, 20 W; +7 W every (PO of 27 W, 41 W
specific training w unit handbike peak HR, RER, Vg, min, 1.11 m-s™! and 65 W) were
RPE; GE evaluated for
submaximal
performance
. Physically 1 H VO Peak HR, Vg, 2gl‘"/l\’[ E}it\i/\a}l PO:
Hettinga 11 Q 2 11CG Q 21 active, no 3d x wk Con, 65% HRR 30 Attachable- zpeck - RPE, RER for Wi every
1471 specific training 7wk unit handbike POpeak arm and feg min; 1.39 m-s™,
exercise 70 rpm
T1: 8 21 Physicall - Con, 66% HRR 30 H VO ITP: Initial PO:
Scl;gfgrﬁ;}(ers 8CG J 23 act}i]ve, ng 3d 7>< Wvlv(k ' ” - Attachable- Poz}mkk Peak Elf—{ RER, 30 W; +10 W every
T2: 8 23 specific training Int, 85% HRR 4 x4 unit handbike ped min; 70 rpm

HCE, handcycle exercise; T1-2, training group 1-2; CG, control group; SCII; Int, interval; Con, continuous; HRR, heart rate reserve; VO,, oxygen uptake; H, handcycle; PO, power output;

submax, submaximal; HR, heart rate; Vg, ventilatory efficiency; RER, respiratory exchange ratio; O,, oxygen; RPE, rate of perceived exertion; GE, gross efficiency; ITP, incremental test
protocol; DTP, discontinuous test protocol; rpm, revolutions per min.
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It must also be mentioned that the studies of Klausen et al. (1974) and Clausen et al.
(1973) [16,17] and the studies of de Groot et al. (2008 and 2013) [38,39] all used the same
sample for their analyses (this is indicated by grey shades in all Tables). The results were
only considered once in the calculations of mean values.

3.1. Subject Characteristics

Tables 1-3 summarizes all 27 included studies separated by their training device.
The number of subjects per study ranged between 5 and 20 with a mean value of almost
9 subjects per study. A total number of 294 participants (mean age 26 years) were included
in this systematic review. More precisely, n = 157 (mean age: 29 years), n = 101 (mean age:
23 years) and n = 36 (mean age: 22 years) underwent upper body endurance training on an
arm crank ergometer, on a wheelchair or on a handcycle, respectively. All subjects were
healthy and able-bodied. Their training status differed from a sedentary untrained lifestyle
or not actively engaged in sports over the last year [18,27,33,35-37,44,45] to a physically
active lifestyle [16,24,26,28,29,32,39,41-43,46-48]. The training status was not described in
four studies [30,31,34,40]. However, none of the participants had any specific arm training
before the intervention started.

3.2. Training Design

The duration of the interventions ranged from a minimum of 14 [29] days to a max-
imum of 12 weeks [27,33] (average: 7 weeks). The average number of weekly training
sessions was three. The duration of the training session varied from 4 [41] to 70 min [38]; in
most of the studies, the session lasted 30 min. As shown in Tables 2—4, 16 studies used arm
cranking [16-18,24,26-37], 8 studies used wheelchair exercise [38—45] and 3 studies used
handcycling [46-48] as the training mode for upper body exercise. There was no resistance
training or strength training incorporated into these studies. The training intensities in
the studies varied markedly, using different indicators for workload and ranging from 30
to 90% of the heart rate reserve (HRR), peak heart rate (HR), VOypeax Or POpeax. Thirteen
studies investigated a continuous training program [24,26-28,33,36-39,44-47], twelve stud-
ies investigated an interval training program [16-18,29-31,34,35,40-43] and two studies
investigated the difference in changes of VO, after upper body exercise in interval and
continuous endurance training programs [32,48].
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Table 4. Mean change in VOspeak ARM and POpeak ARM between pre- and post-test.
VO2peak ARM POpeak ARM
Study .
(Author, Year) Test Device n Pre-Test Post-Test % Change Pre-Test Post-Test % Change
(L x min-1) (ml x min—1 x kg-1) (L x min-1) (ml x min—1 x kg-1) (L x min-1) (ml x min-1 x kg-1) W) W)
B bhani A 8 2.72 320 3.15 375 +15.8* +17.2% 96.4 1087 +12.8%
El Sayed 2004 [27] A 7 1.81 24.1 1.94 26.2 +7.2% +8.7% 168 185 +10.1*
Hill 2018 [28] A 10 1.12 17 1.39 22 +24.1% +29.4% 51 65 4275%
T1: 11 2.53 29.0 253 29.6 0 +2.1 140 143 +2.1
La Monica 2019 [29] A T2: 11 2.60 27.9 2.58 28.9 —0.8 +3.6 130 136 +4.6
T3: 10 221 28.6 2.36 31.1 +6.8* +8.7 125 136 +8.8
Loftin 1988 [30] A 19 +33% +32 %
Lewis 1980 [24] A 5 1.64 222 +35.4 %
Magel 1978 [31] A 9 2.69 33.9 3.13 39.3 +16.4 +15.9 **
Pinto 2019 [32] R T1: 10 1.8 27.2 1.9 28.3 +5.6 +4.0 72 79 +9.7*
int
mte T2: 10 22 335 25 383 +13.6 1143 % 89 101 +135*
Pogliaghi 2006 [33] A 1.62 22.0 1.99 26.8 +22.8% +21.8* 87 106 +21.8*
Sedlock 1988 [35] A 1.38 143 +3.6 60.4 68.8 +13.9*
Simmons 1971 [36] A 10 2.76 2.99 +8.3* figure
Stamford 1978 [37] A 8 2.82 36.9 33 44 +17 +19.2 %+
De Groot 2008 [38] W 4 175 195 114~ 137 66.7 5267
TT: 14 175 195 114~ 137 66.7 526 %
De Groot 2013 [39] w T2 10 713 7.09 —T.9 56.5 5.6 338~
T3 13 T.80 70 FITT 52.9 90 493
8 173 199 +157
Goosey-Tolfrey 2011 [41] w
8 1.73 1.89 +92%
Grange 2002 [42] w 7 34.7 375 +8.3* 61.6 89.3 +45*
Tordi 2001 [43] w 5 304 39.3 +29.3 ** 66 108 +63.6 ***
van den Berg 2010 [44] w 9 2.13 27.8 2.09 27.2 1.9 —22 56.4 75.6 +34 %
T1: 9 1.79 1.88 +5 56.3 73 +29.7*
van der Woude 1999 [45] w
T2: 10 1.85 2.03 +9.7 % 57.9 82.3 +42.1*
Abonie 2021 [46] H 9 1.60 26.4 1.68 27.5 +5 +4.2 81.1 97.4 +20.1*
Hettinga 2016 [47] H 11 1897 28.3 2240 33.2 +18.1* +17.3* 89 1174 +31.9*
TI: 8 33.2 36.5 +9.9* 128.9 169 +31.1*
Schoenmakers 2016 [48] H
T2: 8 34.3 419 +222% 1332 191.3 +43.6%

A, arm crank ergometer; W, wheelchair; H, handcycle; T1-3, training group 1-3; VO,, oxygen uptake; PO, power output; ¥, **, *** significance of the difference between pre-training and

post-training at the level of p < 0.05, 0.01, 0.001, respectively.
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3.3. Test Protocols

Tables 1-3 summarize all test protocols. The test protocols to determine VOpeax
and VOsgupmax Vvaried widely in the 27 studies evaluated. To determine VOjpeak ARM,
incremental (ITP) and discontinuous (DTP) test protocols were used. During ITPs on an
arm crank ergometer (eight studies; [24,26-30,32,33]), the initial power output (W) ranged
from 0 W [26] to 44.1 W [30], the increasing steps ranged from +5 W [32] to +30 W [27],
the duration of the level was between 1 [24,28,29,32,33] and 3 min [30] and the revolutions
per min differed from 50 to 70. Regarding ITPs on a wheelchair ergometer [42,43] or on
a wheelchair on a motor-driven treadmill [39,41,44,45], the initial PO (W) was 0 W [42]
or 8 W [43] or 20% of POpeak [39,44,45], the increasing steps ranged from +10 W [42,43]
or +10% of POpeak [39,44,45], the duration of the level was between 1 [39,41,44,45] and
2 min [42,43] and the revolutions per min were set at 30 [42,43] or the velocity of the
treadmill was constant at 1.39 m-s~! [39,44,45]. On the handcycle, the initial PO (W)
was 20 W [46,47] or 30 W [48], the increasing steps were +7 W [46,47] or +10 W [48],
the duration of the level was 1 min and the revolutions per min were set at 70 [46—48]
and/ or the velocity of the treadmill was constant at 1.39 m-s~ ! [47] or 1.11 m-s~ ! [46].
To determine submaximal parameters, such as VO bmax, longer-duration stages were
used [16-18,24,26,27,30,33-35,38,39,43-46]. During submaximal arm crank ergometry, the
duration of stages ranged from 5 [30] to 30 min [27] with an intensity that was always lower
than 70% of VOqpeak [16-18,24,26,27,30,33-35]. To detect VOasubmax ARM during wheelchair
ergometry, the investigators used a protocol with two 3 min levels at 20% and 40% POpeax
with a constant velocity (1.39 m-s~!) on the treadmill [38,39,44,45]. There was no extra
protocol for submaximal parameters during handcycling. In 5 out of 27 studies (published
before 1990), a discontinuous protocol (DTP) was used to detect maximal and submaximal
parameters with work bouts (ranged from 4 to 5 min) and rest periods (ranged from 4 to
10 min) [31,35-37,40]. Not every protocol was explained sufficiently enough to provide all
information reported in Tables 1-3.

3.4. Maximal UBET Responses

In Table 4 the pre- and post-training values for VO;peak aArRM and POpeax Arm and the
relative change (expressed in percentage from pre-training values) after training are listed.
One of the 22 studies was excluded because of the same underlying data [38]. In 21 studies,
VOzpeak ARM Was measured; in total, 29 different training interventions were conducted
with a VOgpeak aARM measurement. A total of 21 of the 29 different investigated training
interventions reported a significant increase in VO;peak ArM after training with an average
of +16.4% (ranged from +7.2% [27] to 35.4% [24] with a mean standard deviation (SD) of
8.3%) [24,26-29,31-33,36,37,39,41-43,45,47 ,48]. Seven studies (reporting on eight training in-
terventions) showed no significant increase in VOppeak ArM after training (average: +1.83%;
ranged from —1.9% [39] (T2) to +5.6% [32] (T1) with a SD of 3.1% [29,32,35,39,44—46]). A
total of 16 studies collected POpeax ArM data and, in total, 21 different training interven-
tions were conducted to investigate changes in POpeax aArM after training. A total of 19 of
the 21 different training interventions showed a significant increase in POpeax ArM after
training with an average of +30.8% (ranged from +9.7% [32] to 63.6% [43] with a SD of
15.2% [26-28,32,33,35,39,42—48]). There was only one study with three different training
modes which observed no significant increase in POpeax ArM after upper body training
(average: +5.2%; ranged from +2.1% to +8.8% with a SD of 2.8 [29]). Two studies which
investigated maximal parameters presented their findings in a figure without providing
exact data to analyze [36,40].

3.5. Submaximal UBET Responses

Since there is no consensus on the definition of submaximal performance within the
included studies, a variety of different criteria and definitions for performance below the
individual maximal workload had been applied. For the purpose of this systematic review,
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a pragmatic approach was taken and submaximal parameters were defined as workload at
and below the ventilatory threshold (VT).

In Table 5, the pre- and post-training values for VOygubmax aARM and the relative change
(expressed in percentages from pre-training values) after training are listed. One study [36]
used a figure to visualize the training effects and did not report on exact data points.
Therefore, 12 studies with 14 different training interventions out of the total 27 studies
examined submaximal parameters as VO, for analyses. A total of 4 out of 14 different
training modes showed an increase in VOogupmax aArM after training [26,33,35,43]. Three
out of these four studies showed a significant increase with an average of +30.3% (range:
+17.8 [33] to +49.4% [43] with a SD of 11.9%) [26,33,43]. A total of 10 out of 14 different
training interventions which focused on submaximal measures showed a decrease in
VOssubmax ARM after training, with 7 studies showing a significant effect with an average
of —17.2% (range: —12.9% [24,39] to —21.4% with a SD of 2.6%) [18,24,39,44,46]. Four
out of four studies which also investigated power outputs at submaximal levels found a
significant increase [26,33,35,43].

3.6. Transfer Effects

In Tables 6 and 7, transfer effects, i.e., effects from trained (in this case: upper extremity,
VO2peak ARM) to untrained (in this case: lower extremity, VOypeak LEG) musculature, are pre-
sented. A total of 12 out of 27 studies performed an incremental or discontinuous protocol
on the cycle ergometer (11 studies [17,18,24,26,28,30,33,34,37,43,47]) or on the treadmill [31]
before and after upper body training to analyze transfer effects in the untrained legs. A
total of 9 out of these 12 studies investigated maximal parameters and of these 9 studies,
3 studies (Hill et al. [28], Loftin et al. [30] and Pogliaghi et al. [33]) showed a significant
increase in VOopeak LEG (average: +9.3%, ranged from +7% [30] to +13% [28] with a SD
of 2.6%). The studies of Hill et al. [28] and Pogliaghi et al. [33] also showed a significant
increase in POpeax LEG (+10.2% [28] and +7.6% [33]). Focusing on submaximal transfer
effects, as presented in Table 7, two studies (Lewis et al. [24] and McKenzie et al. [18]) re-
ported significant decreases in VO,qpmax LEG (—6.6% [24] and —8.5% [18]) and two studies
(Pogliahi et al. [33] and Tordi et al. [43]) reported significant increases in VOoqypmax LEG
(+5.5% [33] and +21.4% [43]) with accompanying increases in POgypmax LEG (+9.1% [33] and
+18.2% [43]) after upper body training.
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Table 5. Mean change in VOygupmax ARM and POgybmax ARM between pre- and post-test.

Vonubamx ARM Posubmax ARM
Study Test
(Author, Year) Device n Pre-Test Post-Test % Change Pre-Test Post-Test % Change
(L x min-1) (ml x min—1 x kg-1) (L x min-1) (ml x min—1 x kg-1) (L x min-1) (ml x min-1 x kg~1) W) W)
Bhambhani * * *
1991 [26] A 8 1.18 13.8 1.46 17.4 +23.7 +26.1 50.7 59.8 +17.9
Clausen 1973 [16] A 5 1.25 1.15 —8
Klausen 1974 [17] A 5 1.25 1.15 —8
Lewis 1980 [24] A 5 1.24 1.08 —129%
Magel 1978 [31] A 9 1.67 1.64 -1.8
McKenzie 1978 [18] A 7 1.36 1.12 —-17.6**
Pogliaghi 2006 [33] A 6 1.07 1.26 +17.8* 60 70 +16.7 *
Rasmussen 1975 [34] A 5 1.76 1.64 —6.8
Sedlock 1988 [35] A 6 0.82 0.85 +3.7 39.5 445 +12.7*
Simmons 1975 [36] A 10 graphic
De Groot 2008 [38] W 14 1.17 0.92 —214F
T1: 14 1.17 0.92 —214*%
De Groot 2013 [39] w 12: 10 1.1 0.95 —188F
T3: 13 T.15 0.98 —148F
Tordi 2001 [43] \\ 5 17 254 +49.4% 32 72 +125%
Van den Berg 2010 [44] W 9 1.16 0.95 —18.1*
Abonie 2021 [46] H 9 0.96 0.80 —16.7 *

A, arm crank ergometer; W, wheelchair; H, handcycle; T1-3, training group 1-3; VO,, oxygen uptake; PO, power output; submax, submaximal; *, ** significance of the difference between
pre-training and post-training at the level of p < 0.05, 0.01, respectively.
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Table 6. Transfer effects on VOppeak and POpe,y from arm training to legs.

VOzpeak ARM VO2peak LEG POpeak ARM POpeak LEG
(zu:gy Test n Pre-Test Post-Test % Change Pre-Test Post-Test % Change
uthor, A
v Device Pre-Test Post-Test Pre-Test Post-Test
Year) (ml x (ml x (ml x (ml x (ml x (ml x % Change % Change
m(il;\flj min~1 x m(i];‘z(]) min~1 x n|(i1;\i<1j min~1 x m(il;11<1) min~1 x m(il;‘i(l' min~1 x m(il;11<1) min~1 x w) W) w) w)
kg1) kg1 kg1) kg1 kg1) kg )
B;‘;‘J“T“g‘:]“i A/CYC 8 272 320 315 375 +15.8% +17.2% 377 445 3.84 457 +1.9 127 96.4 1087 +12.8* 250 2647 +5.9
Hifl 2018 A/CYC 10 112 17 1.39 2 +241% +29.4% 144 23 164 26 +13.8* +13% 51 65 4275+ 98 108 +102%
Lewis 1980 A/CYC 5 1.64 222 +354% 269 3.02 +123
Loftin 1958 A/CYC 19 433+ 132+ +7% +7%
Ma‘cﬁ'll”“ A/TM 9 2.69 339 313 393 +16.4% +15.9+ 448 564 457 572 +2 +14
I;%%};?,%,:‘]l A/CYC 6 1.62 220 1.99 26.8 +22.8* +21.8* 231 31.3 252 338 +9.1%* +8* 87 106 +21.8* 158 170 +7.6*
Stamford
HEAE A/CYC 9 282 36.9 33 44 417+ +192% 32 27 32 431 +/0 +0.9
T"'ﬁfﬁom W/CYC 5 304 393 +29.3 % 46 47 +22 66 108 +63.6 %% 228 28 +/-0
Honinga H/CYC 1 19 283 22 32 +18.1% +173% 32 471 31 167 11 08 89 117.4 +319% 2745 2782 +13
A, arm crank ergometer; W, wheelchair; H, handcycle; CYC, cycle; TM, treadmill; T1-3, training group 1-3; VO,, oxygen uptake; PO, power output; *, **, *** significance of the difference
between pre-training and post-training at the level of p < 0.05, 0.01, 0.001, respectively.
Table 7. Transfer effects on VOgypmax and POgypmax from arm training to legs.
VOgubmax ARM VOssubmax LEG POgybmax ARM POgybmax LEG
) Zl‘:gy Test R Pre-Test Post-Test % Change Pre-Test Post-Test % Change
uthor, A
" Device Pre-Test Post-Test Pre-Test Post-Test
Year) . @ x ml @ x {ml X @ x ml x @©x (ml X @ x ml X @©x {ml X e ‘W % Change W " % Change
min~1) min min~1) min X min~1) min_ x min~1) min X min~ %) min_ x min~1) min X
kg1 kg1 kg1 kg1 kg1 kg1
Bhambhani  a/cxC 8 118 138 146 174 +23.7% +261% 2.30 275 231 28.0 +0.43 +181 507 59.8 +17.9% 1433 158.0 +10.5
Clausen
o A/CYC 5 1.25 115 -8 1.64 1.63 —06
Klausen
e A/CYC 5 125 115 -8 1.64 1.63 —06
Lewis
1963 1241 A/CYC 5 1.24 1.08 ~129* 1.37 1.28 —6.6%
McKenzie
L) A/CYC 7 136 112 ~176* 164 1.50 —8.5%
Pogliaghi A/CYC 6 1.07 126 +17.8% 1.65 174 +55% 60 70 +16.7% 110 115 +9.1%
Rasmussen
1975 [34] A/CYC 5 176 1.64 —6.8 261 2.64 +11
T"’&iﬁo"l W/CYC 5 17 254 +49.4% 28 34 +214% 32 72 +125+ 132 156 +18.2%

A, arm crank ergometer; W, wheelchair; CYC, cycle; T1-3, training group 1-3; VO,, oxygen uptake; PO, power output; submax, submaximal; * significance of the difference between
pre-training and post-training at the level of p < 0.05.
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3.7. Training Devices for UBET

As shown in Tables 1-3, the training devices used in the studies differ markedly. There
is no standard training device for arm cranking (A), wheelchair exercise (W) or handcycling
(H). Arm cranking took place on a modified cycle ergometer [16-18,24,29-31,35-37], an
arm crank ergometer [27,28,33] or an arm cycling device [26,32]. Wheelchair exercise was
performed on a standardized wheelchair [38,39,42,44], a basketball wheelchair [41] on
a motor driven treadmill, or on a wheelchair ergometer [40,43,45]. An attachable-unit
handbike [46-48] was used for handcycling interventions. Further details on the training
device are shown in Table S2.

4. Discussion

The purpose of this systematic review was to determine if UBET positively affects
oxygen uptake as assessed by physical capacity in healthy individuals. The majority of
the 27 final included studies reported an increase in VOpeax ArM after UBET. A total of 21
of 29 interventions achieved a significant increase in VOypeak aArM after training with an
average increase of +16.4%. If the submaximal measures of oxygen uptake are considered
(secondary outcomes), three studies observed a significant average increase of +30.3%,
whereas seven studies showed a significant average decrease of —17.2% in VOogubmax ARM-
Three out of nine studies found significant transfer effects from trained arms to untrained
1€gS (+9.30/0 in VOZpeak LEG)'

The current literature studying the effects of upper body exercises on VO, in healthy
people is still limited and only a few studies have been conducted with the specific goal to
investigate outcomes on physical capacity after UBET in healthy individuals [18,28,29,31-
33,35-37,39,43-48]. However, changes in VO, after UBET were reported as exploratory
endpoints in a number of studies [16,17,24,26,27,30,34,38,40-42]. One of the main challenges
of most studies is the low number of participants included in the intervention and control
groups, if present (the number of participants per study ranged between 5 and 20 with
a mean value of only 9 subjects per study). This fact leads to low statistical power with
a low detection rate for significant results on the one hand and potentially inflated effect
sizes on the other hand. In addition, heterogeneity of the samples lowers statistical power
even further by increasing variance of no interest and lowering the signal-to-noise ratio.
This heterogeneity of the samples is caused by variations in age, gender and training
status, which are expected to impact the training effects. Five studies only recruited
females [30,35,40,46,47] and two studies reported on mixed populations [28,32] as sample.
Therefore, it is difficult to interpret and compare the current results of UBET and apply them
equally to men and women. In addition to heterogeneity introduced by inter-individual
variability, different training modes (length, intensity, duration, test device) and different
maximal and submaximal exercise tests to measure VO, (i.e., ITP or DTP, initial power,
power increments after each step, duration of the steps) also affect the strength of the
conclusions drawn by this current review. Additionally, potential selection bias is likely
because older studies (dating back until 1990) did not report on the recruitment strategies
(e.g., general population vs. athletic individuals).

4.1. Maximal UBET Responses

In the next section, possible factors that may influence maximum measures according
to UBET are presented and discussed.

4.1.1. Effects of Training Intensity

Almost all studies clearly showed that UBET has a positive effect on the physical
capacity, as can be seen from the improvements in VOspeak aARM (+16.4%) and POpeax ARM
(+30.8%). These overall findings are comparable with the results of Hettinga et al. [47]. This
study showed that UBET based on ACSM guidelines (7 weeks of handcycling training,
3 x 30 min/week at 65% heart rate reserve (HRR)) led to local adaptations improving
handcycling performance in healthy young females (VOypeak ARM increased by +18.1% and
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POpeak ARM increased by +31.4%). Importantly, the ACSM guidelines refer to lower body
training exercise with larger muscle mass such as walking, running or cycling [49]. Hence,
these guidelines can be used as a basis to design UBET for females with limited active
muscle mass [47]. However, when the intensity of the training is low and the duration
of the training session is less than one hour, quantitative improvements in VOzpeak ARM
have been observed, but these changes were not significant (Table 4, [39,44—46]). Abonie
et al. [46] applied the same training (length, duration, test device, test protocol) as Hettinga
et al. [47], but with lower intensity (30% HRR versus 65% HRR). This difference led to no
significant improvement in VO;peak aArRM in healthy young females (+7% versus +18.1%).
An increase of +15.8% in VOppeak ARM Was also measured after 8 weeks of continuous UBET
at 72% VOzpeak ARM in male subjects [26]. After 10 weeks of UBET with an intensity of 85%
HRpeak during 6 x 4 min work bouts [31] or with an intensity of 180 bpm over 10 min [37],
similarly high improvements in VOypeax Were achieved (+16.4% and +17%). Thus, it can be
concluded that different UBET lead to comparable changes in VO;peak ARM-

4.1.2. Effects of Baseline Fitness and Length of Training Program

Hill et al. [28] and Pogliaghi et al. [33] studied older persons (>60 years of age)
and showed the highest increases in VO, after UBET in healthy persons (+24.1% and
+22.8%). Maximum oxygen uptake (VOynmax) decreases with age [50] and, therefore, the
subjects had a relatively low fitness level and low initial value in their VOjpeak. This
might explain the large improvements in VO;peax ARM in 0lder male subjects compared to
trained handcyclists. The long training period (over 12 weeks) in the study of Pogliaghi
et al. [33] may also be a reason for the strong increase in VOypeax ArMm after UBET. The
greatest increase in VOopeax ARM Of +35.4% (from 1.64 L*min~! to 2.22 L*min—!) was found
in the study of Lewis et al. [24] after 11 weeks of UBET on an arm crank ergometer with an
intensity of 75-80% VOspeak ARM- Once again, the initial low fitness level and the length of
the training period may have been the reason for the strong improvement in VOypeak ARM-

4.1.3. Effects of Motor Learning of UBET

For all observed improvements in VOypeak ARM; it is important to note that none of
these 27 studies performed familiarization tests on the arm crank device, wheelchair or
handcycle. Therefore, a learning effect between pre-test and post-test must also be assumed.
For healthy persons, training on the arm crank ergometer, wheelchair or handcycle might
have been unfamiliar since it is not a daily workout routine such as walking or cycling.
The strong increases in POpeax ARM Up to +42.1%—+63.6% [38,42,43,45,48] can be at least
partly explained by a learning effect from pre- to post-test in addition to an improvement
in physical capacity due to local and peripheral adaptations. The greatest improvement in
POpeak ARM Of +63.6% (from 66 W in pre- to 108 W in post-test) was found in the study of
Tordi et al. [43], accompanied by an increase of +29.3% in VOppeak ArM- The participants in
this study conducted Square-Wave Endurance Test (SWEET) training over 5 weeks. One
SWEET session consisted of nine consecutive periods of 5 min including 4 min “base” work
followed by 1 min “peak” work (close to HRpmax). When the initial fitness level of subjects
is considered, with these achieved peak VO, and PO values after a training intervention, it
can be said that SWEET is an effective UBET protocol to improve upper body capacity in
a short time [42,43]. However, future studies should also perform familiarization tests to
exclude learning effects from pre- to post-test.

4.2. Submaximal UBET Responses

Focusing on the outcome of the submaximal values of VOy, four interventions reported
an increase in VO, and, in ten, a reduction. These contradicting results may be explained
by the variable use of different test protocols used in these studies. Whereas studies which
determined an increase in VO, measured at the VT, the studies with a reduction in VO, at
predefined workloads measured below the VT. However, both outcomes can be interpreted
as having a positive training effect.
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The significant increases in VOjgupbmax ARM Were determined during higher work-
loads, and specifically for workloads located at the VT (Tables 1-3, test protocol for
VOosubmax ARM) [26,33,43]. The increase in VOyeubmax ARM at VT, therefore, can be inter-
preted as a positive training effect after UBET since it indicates a higher availability of
oxygen to the subjects at intense levels of exertion.

Significant decreases in VOsgypmax ARM, ON the other hand, were observed in exer-
cise tests at lower workloads (Tables 1-3, test protocol for VOoqubmax arM: at 70% of
VOspeak ARM [24]; at 63 W and 83 W [18]; at 20% and 40% POpeax arM [39,44]; at 27 W,
41 W and 65 W [46]). The decreases in VO, gypmax ARM imply that less oxygen is required
to perform at the same intensity compared to the baseline. The body or, more precisely,
the cardiovascular system of participants, likely works more economically at the same
intensity than before UBET. The largest drop in oxygen uptake during submaximal work-
loads was identified in the study of de Groot et al. [39]. In this study, three different
training designs with different intensities (70 min at 30% HRR, 30 min at 30% HRR and
30 min at 70% HRR) were compared. The training design with the longest duration and
lowest intensity achieved the strongest decrease of —21.4% in VOjgupmax ARM, but there
were no significant differences in changes in submaximal physical capacity parameters
found between the three training groups. Thus, training with an intensity lower than
recommended by the guidelines of ACSM [49] (proposing a minimal training intensity of
40% HRR) led to an improvement in aerobic capacity. Submaximal parameters also play a
decisive role in the goal of achieving the highest possible fat oxidation rate (Fatmax). In sub-
maximal ranges, fat metabolism reaches maximum values and then drops again, whereas
carbohydrate metabolism continues to increase at or beyond VT [51,52]. According to
recent studies, Fatmax in UBET is lower compared to that in cycling (0.44 +/— 0.24 g*min~!
versus 0.77 +/—0.31 g*min’l) and has occurred at lower intensities (53 +/— 21% versus
67 +/—18% VOypeak aARM) [53]. Given that the highest fat oxidation was found during
UBET with very low loads, an improvement in fat metabolism is associated with an im-
provement in performance capacity and overall health [54-57]. If evidence in future studies
confirms this finding, UBET at submaximal intensities could be an alternative therapeutic
approach for obese patients with lower extremity joint pain, prohibiting classical training
such as walking or cycling.

The influence of the test protocol (variations in workload (W) and durations of the
steps) on the outcome can be observed by the variability of submaximal VO, parameters
(Table 5, increases and decreases in VOogupmax ARM)- However, due to the large variation
of the test protocols, interpretation of the improvements in submaximal (and maximal)
exercising tests proved to be difficult. For future studies, the use of standardized protocols
for men and women should be implemented to measure physical changes after UBET to
enable the comparison of study results and inform guidelines for evidence-based UBET.

4.3. Transfer Effects

Most studies that have analyzed the effects of UBET describe positive changes in
the trained muscles. Therefore, local adaptations in the trained musculature are likely to
have taken place. The physiological basis of these improvements (an increase in oxygen
utilization in the trained muscles) needs to be further analyzed in future research, e.g., by
including muscle biopsies. Factors that might influence the increase in oxygen utilization
are capillary density, increased activity of oxidative enzymes or decreases in the activity of
glycolytic enzymes, an increase in mitochondrial density, a conversion of type IIb muscles
fibers to type Ila or a combination of these aspects. Thus, the training effects of UBET are
mainly localized and due to changes in propulsion technique, which is consistent with
the results of various studies that could not find transfer effects in untrained legs after
UBET (Tables 6 and 7, [16,26,31,37,43,47]). Conversely, three studies showed significant
improvements in VOypeak LEG after UBET without training the leg muscles [28,30,33]. The
fact that significant transfer effects can also take place in submaximal ranges is shown
by four studies [18,24,33,43]. Transferable effects to untrained muscles are in agreement
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with the findings of Saltin et al. [15] and Clausen et al. [16] who, in leg training (one-
legged training or two-legged training), saw an enhancement in the central circulation
which could be transferred to non-trained muscles. These are promising findings and
particularly interesting for athletes who cannot continue training due to lower extremity
injuries. Evidence-based training that improves leg performance without moving the
legs would likely result in faster recovery and fewer major training reductions in healthy
persons. Thus, there is a great need for future research to examine this highly interesting
approach in sports therapy and sports science.

4.3.1. Effects of Baseline Fitness Level and Age

Changes in central adaptations (an increase in cardiac output and oxygen delivery
to the untrained muscles) after UBET were found in elderly participants (>60 years) with
a low initial fitness in the studies of Pogliaghi et al. [33] and Hill et al. [28]. In the study
of Pogliaghi et al. [33], male participants completed an intense and continuous training
(30 min at VT, 3d*wk-1) program over 12 weeks. In this case, the low initial fitness levels
and long training periods could be decisive for achieving significant transfer effects of
+9.1% in VOppeak LEG and +7.6% in POpeak LG Hill et al. [28] confirmed these results with
a mixed-gender study cohort and a shorter training period (5 versus 12 weeks of training)
and found an increase of +13.8% in VOppeak LEG and +10.2% in POpeak G- Loftin et al. [30]
explained these cross-transfer effects from arms to legs as indirect evidence of central
adaptations, which become apparent in an improved cardiac output and stroke volume.

4.3.2. Gender

The studies by Hettinga et al. [47] and Loftin et al. [30] are the only training studies
that have investigated transfer effects from arms to legs in women. There was an significant
increase in VOppeak LEG after arm training in the study by Loftin et al. [30]. A mixed sample
was examined in the study by Hill et al. [28]. They found a significant improvement in
VOopeak LEG after arm training but, unfortunately, the sample was not analyzed by gender.
Thus, based on the available material of studies, it is not possible to draw conclusions
which elucidate how sex influences the magnitude or presence of transfer effects.

4.3.3. Effects of Training Design

The training design can differ in terms of training method (continuous or interval),
length (days/ week), intensity and duration (min). Considering the method of training,
whether it was a continuous training or an interval training, it is striking that two of
three studies (Hill et al. [28] and Pogliaghi et al. [33]) showing an significant increase in
VOspeak LEG Were continuous arm training protocols. Within the results of submaximal
transfer effects, two studies (McKenzie et al. [18] and Tordi et al. [43]) conducted interval
training protocols and two studies conducted continuous training protocols (Lewis et al. [24]
and Pogliaghi [33]). Therefore, the training method does not seem to be a decisive factor
for the presence of transfer effects. It should be emphasized that the training studies that
found significant transfer effects were longer than 5 weeks and took place at moderate to
high intensities. However, it must be mentioned that, to date, there has been no study that
has investigated transfer effects following several weeks of low-intensity UBET.

4.3.4. Effects of Training Device

Most studies (10 out of 12) that have looked at transfer effects from arms to legs have
performed their training on an arm crank ergometer. Three of them showed a significant
increase in VOopeak LEG after exercising the arms and three more described significant
changes in VOsqubmax LEG- Only the study by Tordi et al. [43] showed a significant increase
in VOygubmax LEG after training on a wheelchair ergometer. There is also only one study
by Hettinga et al. [47] with an underlying training intervention on a handcycle device.
However, no transfer effects from arms to legs were found in this study. The fact that most
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studies have used an arm ergometer limits any conclusion as to whether the device impacts
the presence or magnitude of transfer effects.

To summarize, these data of significant transfer effects (Tables 6 and 7, [24,28,30,33])
suggest that the increase in peak exercise is training mode-specific, partially locally in the
trained muscles as well as systemically (e.g., to the untrained leg muscles). It must be
clearly stated that transfer effects from arms to leg have so far only occurred in populations
with a low initial fitness. Since individuals’ responses to training and the capacity to adapt
have been reported to vary [58], subject information, such as the initial fitness level or
gender, should always be taken into account.

5. Conclusions

This systematic review provides a comprehensive overview of the effects of UBET
on aerobic fitness changes in healthy people. Table 8 shows a summary of results where
the analyzed studies were divided into three groups based on the intensity of the training
sessions, i.e., the outcome of UBET (low: 30-50% HRR, HRpeak, VOapear; moderate: 60-80%
HRR, HRpeak, VO2peak; and high: >80% HRR, HRpeax, VOopeak- Grouping is made for
easier comparability of studies and may differ from ACSM guidelines). Different forms
of UBET (various training designs with different training devices) led to improvements
in the trained arm muscles (VOppeak/submax ARM and POpeak aArRM)- For transfer effects
from arms to legs, the evidence was less conclusive and merits further investigation to
clarify the physiological basis of the effect. Given the research examining UBET in healthy
individuals, conclusions on how to apply UBET in healthy persons are also reasonable
based on this systematic review. Because UBET studies used a variety of modes (i.e., an
arm crank ergometer, a wheelchair ergometer or a handcycle), the recommendations below
are applicable to different modes of UBET.

Recommendations for UBET based on the results of this systematic review are:

e  UBET studies are, in general, of small sample sizes and may, therefore, fail to detect
potential training effects and may at the same time be at risk of overestimating training
effects;

e  UBET leads to the largest effects in improving physical capacity when training is
performed for longer than 5 weeks at an intensity >70% of VOppeak ARM OF HRR ArM;
The SWEET training design was found to be very effective;

ACSM guidelines for larger muscle masses (legs) (7 weeks of training, 3 x 30 min/week
at 65% HRR) can also be used on small muscle groups (arms) to improve aerobic fit-
ness;

e  Low-intensity training (30% HRR) improves (sub)maximal VO, parameters and plays
a decisive role in fat metabolism training;

e UBET is a complementary and useful workout but does not replace whole-body
exercises;

e  Since the majority of subjects were males (more than 85%), more studies need to be
conducted in females to understand if the same effects occur in females and whether
UBET recommendations are sex-specific.
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Table 8. Overview: Outcomes of UBET.
Training Design
Study Test Device n - Increase/Decrease Increase/Decrease Increase/Decrease Increase/Decrease
(Author, Year) (High /Iﬁf)%nesrlge Low) (Dalgg%tel; s) in VOzpeak ARM in VOasubmax ARM in VOzpeak LEG in VOssubmax LEG
. —1
B?gg{l}?gf‘ ! A 8 Moderate 3d 8><w“ll<k + + + (not significant) + (not significant)
=T
Clausen 1973 [16] A 5 High 5d 5Xw‘,\ll<k not measured - (not significant) - (not significant) - (not significant)
=i
Klausen 1974 [17] A 5 High 5d 5va‘1]<k not measured - (not significant) - (not significant) - (not significant)
=1
El-Sayed 2004 [27] A 7 Moderate 3 dlgv‘\’]vﬁ( + not measured not measured not measured
~1
Hill 2018 [28] A 10 Moderate 3d 6Xw“lik + not measured + not measured
T1: 11 High + (not significant) not measured not measured not measured
~1
La Monica 2019 [29] A T2: 11 High 3d 2><w“ll<k + (not significant not measured not measured not measured
T3: 10 High + not measured not measured not measured
-1
Lewis 1980 [24] A 5 Moderate 4 lev‘\//Vlf + - + (not significant) -
. . 4d x wk™1
Loftin 1988 [30] A 19 Moderate/ High 5wk + not measured + not measured
: 3d x wk! ~ e e
Magel 1978 [31] A 9 High 10 wk + (not significant) + (not significant) not measured
~1
McKenzie 1978 [18] A 7 High 5d 5><W‘Alik not measured - not measured -
T1: 10 High -1 + (not significant) not measured not measured not measured
Pinto 2019 [32] A s 2d x wk 8
T2: 10 High 6 wk + not measured not measured not measured
-1
Pogliaghi 2006 [33] A 6 Moderate 3 dl?v‘\/zvll( + + + +
~1
Rasmussen 1975 [34] A 5 Moderate/High 5d SXWV\lik not measured - (not significant) + (not significant)
-1
Sedlock 1988 [35] A 6 High 3d 5><W“lik + (not significant) + (not significant) not measured not measured
. . 2d x wk1 *Graphic/no exact *Graphic/ no exact *Graphic/ no exact
Simmons 1978 [36] A 10 High 4wk + data data data
- 3d x wk! ;
Stamford 1978 [37] A 8 High Towk + not measured did not change not measured
=T
De Groot 2008 [38] 14 Low 3d x wk + - not measured not measured

7 wk
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Table 8. Cont.

Training Design

Study Test Device n - Increase/Decrease Increase/Decrease Increase/Decrease Increase/Decrease
(Author, Year) (High IIM“f)edn;lge Low) (Dagz%t:;ks) in VOgpeak ARM in VOogubmax ARM in VOspeak LEG in VOosubmax LEG
T1: 14 Low _a + - not measured not measured
De Groot 2013 [39] W T2: 10 Low 3d x wk - (not significant) - not measured not measured
T3: 13 Moderate 7wk + - not measured not measured
. 3d x wk! *Graphic/no exact *Graphic/no exact *Graphic/no exact *Graphic/ no exact
Glaser 1981 [40] w 7 High
7wk data data data data
T1: 8 Moderate 1 + not measured not measured not measured
Goosey-Tolfrey 2011 [41] W 3d x wk
T2: 8 Moderate 3wk + not measured not measured not measured
—1
Grange 2002 [42] 7 Moderate/High 3d 6Xw‘l\ll<k + not measured not measured not measured
-1
Tordi 2001 [43] 5 Moderate/High 3d 6><w“lik + + + (not significant) +
~1
Van den Berg 2010 [44] 10 Low 3d x wk - (not significant) - not measured not measured
g 7wk &
Van der Woud (a5] T1: 9 Low 3d x wk1 + (not significant) not measured not measured not measured
1999 [45
an der Woude w T2: 10 Moderate 7 wk + not measured not measured not measured
-1
Abonie 2021 [46] A 9 Low 3d 7><w“lik + (not significant) - not measured not measured
~1
Hettinga 2016 [47] A 11 Moderate 3d 7Xw“ll<k + not measured - (not significant) not measured
Sch K T1: 8 Moderate 3d x wk1 + not measured not measured not measured
2016 [48 A
choenmaters (48] T2: 8 High 7wk + not measured not measured not measured

A, arm crank ergometer; W, wheelchair; H, handcycle; CYC, cycle; TM, treadmill; T1-3, training group 1-3; VO,, oxygen uptake; PO, power output; submax, submaximal; low, = 30-50%

HRR, HR a1, VO2peai; moderate, 2 60-80% HRR, HRpeqt., VOspeak; high, 2 >80% HRR, HRpeak, VOspeak
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