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Abstract

Introduction Asynchronous arm-cranking performed at
high cadences elicits greater cardiorespiratory responses
compared to low cadences. This has been attributed to
increased postural demand and locomotor—respiratory cou-
pling (LRC), and yet, this has not been empirically tested.
This study aimed to assess the effects of cadence on car-
diorespiratory responses and LRC during upper-body
exercise.

Methods Eight recreationally-active men performed arm-
cranking exercise at moderate and severe intensities that
were separated by 10 min of rest. At each intensity, par-
ticipants exercised for 4 min at each of three cadences (50,
70, and 90 rev min’l) in a random order, with 4 min rest-
periods applied in-between cadences. Exercise measures
included LRC via whole- and half-integer ratios, cardi-
orespiratory function, perceptions of effort (RPE and dysp-
noea), and diaphragm EMG using an oesophageal catheter.
Results The prevalence of LRC during moderate exer-
cise was highest at 70 vs. 50 rev min~' (27 £ 10 vs.
13 £ 9%, p = 0.000) and during severe exercise at 90 vs.
50 rev min~! (24 + 7 vs. 18 & 5%, p = 0.034), with a
shorter inspiratory time and higher mean inspiratory flow
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(p < 0.05) at higher cadences. During moderate exercise,
VO, and Jfc were higher at 90 rev min~! (p < 0.05) relative
to 70 and 50 rev min~' (VO, 1.19 £ 0.25 vs. 1.05 + 0.21
vs. 0.97 & 024 L min™'; fo 116 £ 11 vs. 101 £ 13 vs.
101 & 12 b min™"), with concomitantly elevated dyspnoea.
There were no discernible cadence-mediated effects on dia-
phragm EMG.

Conclusion Participants engage in LRC to a greater extent
at moderate-high cadences which, in turn, increase respira-
tory airflow. Cadence rate should be carefully considered
when designing aerobic training programmes involving the
upper-limbs.

Keywords Arm-cranking - Cardiorespiratory -
Diaphragm - Entrainment - Respiratory muscle

Abbreviations
UBE Upper-body exercise
LRC Locomotor—respiratory coupling

GET Gas-exchange threshold
EMG Electromyography
ECG Electrocardiography
RMS Root mean square

SD Standard deviation

ANOVA  Analysis of variance

Introduction

Asynchronous arm-cranking performed at moderate-high
cadences (70-90 rev min~') results in higher oxygen
uptake (VOZ) and minute ventilation (VE) at a given sub-
maximal power output when compared to lower cadences
(50-60 rev min~") (Price et al. 2007). These observations
might be due to several mechanisms. First, at a given power
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output, low cadence arm-cranking extends the stroke duty
cycle relative to high-cadence arm-cranking and, thus,
requires greater force output from the exerciser to over-
come the increased flywheel inertia. This might, in turn,
predispose the exerciser to an earlier onset of local neu-
romuscular fatigue during low cadence ergometry (Smith
et al. 2001). Second, the greater force output associated
with low cadences likely results in the recruitment of aero-
bically meagre fast-twitch (type II) fibres which retard the
O, response (Kushmerick et al. 1992). Third, the elevated
VOz at high cadences has been attributed to greater iso-
metric contractions of the postural muscles to stabilise the
torso, in addition to a greater prevalence of locomotor—res-
piratory coupling (Price et al. 2007).
Locomotor—respiratory coupling (LRC), also termed
entrainment, refers to the phase-locking of locomotor and
respiratory frequencies during exercise (Perseqol et al.
1991; O’Halloran et al. 2011). The principal mechanism
underpinning LRC is yet to be elucidated, but is associ-
ated with peripheral neurogenic drive from moving limbs
(Iwamoto et al. 2010), perhaps, conferring an energetic
or perceptual advantage (Stickford et al. 2015). Earlier
studies in cycling exercise observed that the coupling of
breathing and cycling rhythms resulted in a reduced oxy-
gen uptake at a given workload (Garlando et al. 1985).
However, LRC has not widely been studied during upper-
body exercise, and it is not known how LRC is influenced
by the extensive thoracic muscle loading that characterises
this activity. Indeed, since most respiratory muscles attach
to the ribs or associated structures, these muscles func-
tion to ventilate the lungs while simultaneously stiffen-
ing the spine (Hodges et al. 2005) and maintaining torso
stabilisation and arm position (Celli et al. 1988). Further-
more, the abdominal muscles contract dynamically to flex
and rotate the torso, and the diaphragm aids postural sta-
bility prior to sudden, voluntary movements of the upper-
limbs (Hodges et al. 1997). As such, upper-body exercise
places substantial demand on muscles of the thorax for
simultaneous postural, locomotor, and ventilatory tasks.
Since contractions of trunk musculature are initiated to
counteract disturbances to spinal stability caused by limb
movement (Hodges and Gandevia 2000), it is likely that
rapid arm movements exhibited during high-cadence arm-
cranking will exacerbate the essential reactive postural
demands of the thoracic muscles, particularly at high exer-
cise intensities. This may further increase O, consumption
at high cadences. Because LRC may be initiated to facili-
tate airflow during periods of respiratory muscle antago-
nistic loading (Daley et al. 2013), it is possible that both
postural loading and LRC would be exacerbated at high
arm-crank cadences. As such, manipulating the arm-crank
cadence provides an effective model with which to assess
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the relationship between cardiorespiratory function and
LRC. Data to this effect will highlight the cadences that
elicit optimal physiological responses and, therefore, might
inform athletic training programmes that emphasise the
upper-limbs. This data might also inform upper-body train-
ing or rehabilitation programmes for clinical populations.

Accordingly, the aim of the current study was to deter-
mine the acute effects of cadence and exercise intensity
on cardiorespiratory function and prevalence of LRC dur-
ing arm-cranking in healthy adults. We hypothesised that
greater postural demand at high cadences would increase
the reactive postural component, thereby increasing car-
diorespiratory stress and necessitating an increased preva-
lence of LRC.

Methods
Participants

Eight healthy, non-smoking, recreationally-active men
between the ages of 18 and 35 years volunteered to par-
ticipate in the study (mean = SD age 24 + 4 years, stature
1.76 £ 0.05 m, mass 67.4 £ 6.4 kg, upper-body VOzpeak
30.3 4 4.5 mL kg min~'). Experimental procedures were
approved by the institution research ethics committee and
were performed in accordance with the ethical standards as
laid down in the 1964 Declaration of Helsinki (World Med-
ical Association Declaration of Helsinki 2013), and partici-
pants provided written informed consent. Participants were
asked to abstain from exercise for 48 h, alcohol and caf-
feine for 12 h, and food for 3 h prior to each visit.

Experimental overview

All procedures were completed during three visits to the
laboratory, each separated by a minimum of 2 days and no
longer than 1 week. Exercise trials were conducted at the
same time of day to eliminate any influence of circadian var-
iance. At the first visit, participants completed anthropom-
etry and pulmonary function tests, and were familiarised
with arm-crank ergometry and the rating of perceptions. At
the second visit, participants completed a maximal ramp
incremental exercise test on an arm-crank ergometer for the
determination of peak power output (Whear) and associated
cardiorespiratory responses (e.g., VOomax, gas-exchange
threshold). At the third visit, participants performed moder-
ate and severe constant-power arm-crank exercise at each of
three cadences (50, 70 and 90 rev min~"), while LRC, dia-
phragm electromyography (EMG), cardiorespiratory func-
tion, and perceptual responses (RPE and ratings of dysp-
noea) were assessed (see below).
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Table 1 Baseline pulmonary function

Absolute %Predicted

VC (L) 5.41 £0.92 105+ 13
FEV, (L) 436 £ 045 101 +£9

FEV /VC (%) 81.5+6.8 89 +38

TLC (L) 73412 104 + 11
RV (L) 1.93 + 0.47 116 £ 26
FRC (L) 3.74 4+ 0.96 114 £+ 26
IC (L) 3.58 £ 0.62 95+ 16
PEF (Ls™) 94415 94+ 13
MVV (L min™") 186 + 20 108 + 14
sRaw,g (kPas L™ 0.77 £0.20 66 + 17
Raw,g (kPa™) 0.19 £ 0.05 64 +18
Dy o (mmol min~" kPa™") 121413 102+ 12
Vu (L) 7.13 +£0.91 103 + 8

Vi (L) 5.58 £ 0.68 103 +9

Mean &= SD,n =8

VC vital capacity, FEV, forced expiratory volume in one second,
TLC total lung capacity, RV residual volume, FRC functional resid-
ual capacity, /C inspiratory capacity, PEF peak expiratory flow, MVV
maximum voluntary ventilation in 12 s, sRaw, specific effective air-
way resistance, Raw,; effective airway resistance, D; ¢, diffusion
capacity for carbon monoxide (uncorrected for haemoglobin); V,
alveolar volume, V; inspiratory volume

Visit 1, baseline pulmonary function

Participants were screened for pulmonary dysfunction
using a fully integrated system with whole-body plethys-
mography (MasterScreen PFT Pro, CareFusion, Hamp-
shire, UK). Airway resistance, slow and dynamic compo-
nents of lung function, and diffusion capacity for carbon
monoxide were assessed using recommended procedures
(Maclntyre 2005; Miller et al. 2005; Wanger 2005). All
participants were free from respiratory disorders (Table 1).

Visit 2, maximal ramp test

Participants completed a maximal incremental exercise
test on an electromagnetically braked arm-crank ergom-
eter set in the hyperbolic mode (Angio, Lode, Groningen,
The Netherlands). The ergometer was wall-mounted and
positioned, so that the scapula-humeral joint and the dis-
tal end of the crank pedal were horizontally aligned. Par-
ticipants were instructed to sit upright, maintain form at
all times, and keep their feet flat to the floor to minimise
bracing. After 3 min of rest, participants exercised for
3 min at 20 W after which the work rate was increased in
a ramp fashion by 15 W min~' with cadence standardised
at 75 rev min~!' (Marais et al. 2002). The test was termi-
nated when cadence dropped below 65 rev min~' for more

than 3 s despite verbal encouragement. Cardiorespiratory
variables were assessed continuously (see below) and peak
values recorded in the final 30 s of maximal exercise. Gas-
exchange threshold was identified using multiple parallel
methods (Wasserman 1984; Beaver et al. 1986).

Visit 3, varied-cadence, constant-power test

The varied-cadence, constant-power test comprised
2 x 12 min bouts of arm-cranking, each bout separated by
10 min passive rest. Within each 12 min bout, participants
exercised at 50, 70, and 90 rev min~" in 4 min efforts with
4 min of passive rest between each cadence to minimise
carry-over effects. The work rate for each 12 min bout
was equivalent to 80% of gas-exchange threshold (mod-
erate) and 65% of the difference between gas-exchange
threshold and VOzpmk (severe) (Lansley et al. 2011).
The required work rate calculated for the constant-power
test was reduced by two-thirds of the increment that was
applied during the maximal ramp test (i.e., 10 W) to
accommodate for the mean lag time in O, uptake kinet-
ics that has been observed during ramped exercise (Whipp
et al. 1981). Participants exercised at moderate then
severe work rates to minimise fatigue, whereas cadence
order was randomised.

Locomotor—respiratory coupling

Locomotor and respiratory rhythms were considered to be
matched when the instantaneous ratio of cadence (50, 70,
or 90 rev min~') to mean respiratory frequency, recorded at
5 s intervals, was within +0.05 of a whole- or half-integer
value (Paterson et al. 1986; Fig. 1). The prevalence of loco-
motor—respiratory coupling (%LRC) was calculated as the
percentage of the sampled data within each bout of exercise
that met these criteria.

Diaphragm electromyography

Neuromuscular activation of the crural diaphragm (EMGy;)
was assessed using a bespoke multi-pair esophageal elec-
trode catheter (Gaeltec Devices Ltd., Dunvegan, Isle of
Sky, UK). The catheter comprised a 100 cm silicon shaft
(2.7 mm diameter) with 7 platinum electrodes spaced
1 cm apart. With the subject resting in the seated posi-
tion, the catheter was passed pernasally into the stomach,
re-positioned based on the strength of the EMGy; recorded
simultaneously from different pairs of electrodes (Luo et al.
2008), and anchored in place with surgical tape. EMGy;
was normalised against the highest root mean square
(RMS) recorded during a maximal inspiratory manoeuvre
performed from functional residual capacity.
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Fig.1 Locomotor—respiratory ratio calculated at 5 s intervals for
a representative participant performing severe-intensity arm-crank
exercise at 90 rev min~!. Locomotion and respiration were consid-
ered to be matched when the instantaneous ratio recorded at 5 s inter-
vals was within £0.05 of a whole- or half-integer value. The preva-
lence of LRC in this representative example was 25%

Cardiorespiratory responses

Cardiorespiratory function was assessed via the continu-
ous measurement of cardiac frequency (f-) by telemetry
(Vantage NV; Polar Electro Oy), arterial oxygen saturation
(SpO,) using forehead pulse oximetry (OxiMax N-560, Nell-
cor, Tyco Healthcare, Pleasanton, CA, USA), and breath-by-
breath indices of pulmonary ventilation and gas exchange
using online gas analysis (Oxycon Pro, Jaeger GmbH).

Perceptual responses

In the final 30 s of each 4 min effort, participants were
asked to rate their “intensity of breathing discomfort”
(dyspnoea) and their “intensity of limb discomfort” using
Borg’s modified CR10 scale (Borg 1998). The end points
were anchored, such that zero represented “no breathing/
limb discomfort” and 10 was “the most severe breathing/
limb discomfort you have ever experienced or could imag-
ine experiencing”.

Data capture

Cardiorespiratory and EMG data were averaged over the
penultimate 30 s of each exercise bout so as not to conflict
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with perceptual measures being made in the final 30 s.
When calculating LRC, the first 60 s of each 4 min block
of exercise were omitted from analysis to allow respira-
tory patterns (V and f~3) to stabilise after the static start of
arm-cranking; similarly, the last 60 s of each 4 min block of
exercise were excluded to account for the recording of per-
ceptual responses and any slowing of cadence that occurred
as the participant began to anticipate the rest period. Vol-
ume signals from the online system were fed through a sig-
nal amplifier (1902, Cambridge Electronic Design, Cam-
bridge, England) and digitised at a sampling rate of 150 Hz
using an analogue-to-digital converter (micro 1401 mkII,
Cambridge Electronic Design). EMG signals were sampled
at 4 kHz, high-pass filtered at 100 Hz, and notch-filtered
at 50 Hz to suppress power line and harmonic interference.
Data were displayed simultaneously as digital waveforms
using integrated data acquisition software (Spike 2 ver-
sion 7.0, Cambridge Electronic Design). ECG artefact was
removed from the EMG waveforms using a custom script
procedure similar to that used by others (Alty et al. 2008).

Statistics

Statistical analysis was performed using SPSS 16.0 for
Windows (SPSS Inc., IBM, Chicago, IL, USA). One-way
ANOVA with repeated measures was used to test the effect
of cadence (50, 70, and 90 rev min’l) on cardiorespiratory
responses (e.g., VOz, VCOZ, VE, Vi fro for SpO,), percep-
tual responses, and the prevalence of locomotor-respiratory
coupling at each exercise intensity (moderate, heavy). Post-
hoc analyses were carried out using Fisher’s LSD. Alpha
level was set at 0.05. Data are expressed as mean £+ SD
unless stated otherwise.

Results
Maximal ramp test responses

Peak physiological responses are shown in Table 2. Peak
oxygen uptake was variable among participants (24—
36 mL kg! min~?!), reflecting a wide range of upper-body
fitness. Only two participants exhibited a visible plateau in
VO, at end-exercise. Furthermore, the perceived intensity of
limb discomfort at exercise cessation was greater than that
reported for dyspnoea (10.5 £ 0.5 vs. 7.3 + 2.0, p = 0.021).

Varied-cadence, constant-power test responses
Locomotor—respiratory coupling

The prevalence of LRC during the varied-cadence, con-
stant-power test is shown in Fig. 2. Participants more
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Table 2 Peak physiological responses to ramp incremental arm-
crank exercise

Rest Peak
Work rate (W) - 118 £ 24
VO (L min~") 0.30 + 0.24 2.05 4041
VO, (mL kg min™") 4.47 £+ 0.89 30345
VCO, (L min~ ") 0.24 £+ 0.06 2.64 +0.48
RER 0.81 £ 0.07 1.29 + 0.06
fo (bmint) 61+ 10 169 + 20
VO, (L min~") 82+ 1.6 79+ 17
V(L) 0.59 £ 0.16 2.02 £ 0.51
Jr (br min~") 148 £43 409 £+ 8.0
CR10; i 0.0 £0.0 105+£05
CRI10p e 0.0 £0.0 73420

Mean &= SD, n =8

VO, O, uptake, VCO, CO, output, RER respiratory exchange ratio, f
cardiac frequency, VO, minute ventilation, V tidal volume, f; respir-
atory frequency, CRI10,;,,, intensity of limb discomfort, CRI0p,0eq
intensity of breathing discomfort

frequently demonstrated locomotor-respiratory coupling
at high cadences. During moderate exercise, %LRC at 50,
70, and 90 rev min~! was 13 + 9, 27 + 10, and 23 + 8%,

respectively, but with no significant differences between 70
and 90 rev min~". During severe exercise, there was no dif-
ference in %LRC between 50 and 70 rev min~' (18 + 5 and
17 £ 8%, respectively), but %LRC was significantly higher
at 90 vs. 70 rev min~! (24 & 7% vs. 17 + 8%, p = 0.034).

Cardiorespiratory, diaphragmatic, and perceptual
responses

Cardiorespiratory responses to the varied-cadence, con-
stant-power exercise test are shown in Table 3. Mean
power output during moderate- and severe-intensity exer-
cise was 46 = 11 W (40 £ 13% W) and 89 £ 12 W
(77 £ 18% Wpequ), respectively. During moderate exer-
cise, arm-cranking induced greater cardiorespiratory stress
at high cadences (Fig. 3). Arm-cranking at 90 rev min~!
elicited significantly higher values for VO, (p = 0.001),
VCO; (p < 0.001), f= (p = 0.003), Vg (p = 0.002), and Vy
(p = 0.026) compared to 50 rev min~!. Furthermore, VOQ
(p = 0.018), VCO, (p = 0.006), f (p = 0.005), and Vg
(p = 0.013) were higher at 90 compared to 70 rev min~"'.
Concomitantly, dyspnoea during moderate exercise
was greatest at 90 rev min~! compared to 70 rev min~
(p = 0.021) and 50 rev min~! (p = 0.045). Most of the

Fig. 2 Locomotor—respiratory A B
coupling (entrainment) during Moderate
- J S
moderate (a) and severe (b) 40 40 evere
arm-crank exercise, and mean *
inspiratory flow (V/T}) during % +
moderate (c) and severe (d) = 30 30
arm-crank exercise performed %
at 50, 70, and 90 rev min~". s |\ S - = | e
During moderate exercise, the g 20 20 E ,,,,,,
prevalence of LRC was highest '§ """""""" {'
at 70 rev min~!, and during k
severe exercise at 90 rev min~". M 04 104
Mean inspiratory flow showed
similar cadence-mediated pat-
terns. >-<S1gn1.ﬁCjntly different 0 : : : 0 , | ,
vs. 50 rev min (p <0.05); 50 70 90 50 70 90
Tsignificantly different vs.
70 rev min~! (p < 0.05) C D
1.8 1.8
1.6 1.64
oA T
* -
% 1.4+ 1.4+ ’,"
& P
1.2- T N g
1.0 T T T 1.0 T T T
50 70 90 50 70 90

CADENCE (rev min™")

CADENCE (rev min™")
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Table 3 Effects of cadence and exercise intensity on cardiorespiratory, diaphragmatic, and perceptual responses to arm-crank exercise

Moderate Severe

50 rev min~! 70 rev min~" 90 rev min~! 50 rev min~! 70 rev min~"! 90 rev min~!
VO, (L min~") 0.97 £0.24 1.05 £ 0.21%* 1.19 & 0.25*" 1.82 £0.27 1.88 +£0.23 1.98 £ 0.24
VO, (mL kg min~") 143+£29 15.5 &£ 2.5% 17.5 £ 2.8%F 27.0 2.7 279+ 1.8 294+ 14
VCO, (L min~Y) 0.94 £0.24 1.03 £ 0.24* 1.20 £ 0.26%" 1.96 £ 0.31 1.93 £0.26 2.03+£0.34
RER 0.97 £0.11 0.97 £0.10 1.00 £ 0.06 1.08 £ 0.09 1.03 £0.10 1.02 £ 0.09
Ve/VO, 26.1 4.0 248 +42 255 +£3.1 319+ 59 29.5+6.3 293455
Vie/VCO, 272+£52 258+5.6 256 +£3.6 29.5+ 39 28.6 £4.9 28.7+4.0
fo min~") 101 £ 12 101 £13 116 &+ 11%F 148 £ 12 150 £ 19 155+ 16
Ve (L min~ ") 247+ 4.7 254 +34 29.9 4 5.2%f 58.1 £13.7 55.1£12.0 585+£15.2
Vo (L) 1.12+0.24 1.23 +0.24* 1.28 + 0.25* 1.82 + 0.57 1.76 £ 0.51 1.78 £ 0.58
Jr (br min~") 22.8+49 21.3+4.8 243 +£6.5 333+74 34.0 £ 13.7 358+ 13.2
T; (s) 1.16 £ 0.18 1.25 £0.29 1.02 & 0.17* 1.52 £ 0.50 1.61 £0.65 1.33 4 0.60"
Tg (8) 1.41 £0.28 1.36 £ 0.20 1.39 £ 043 0.91 £0.26 0.97 £0.27 0.84 +0.237
Tror (s) 2.57 £ 0.44 2.61 £0.45 240 £0.55 243 +£0.62 2.58 £0.85 2.17 4+ 0.747
T/ Tror 0.45+0.03 0.47 £0.04 0.43 £0.05 0.62 £0.10 0.61 £0.08 0.60 £ 0.10
Te/Tror 0.55+0.03 0.53 £ 0.04 0.57 £ 0.05 0.38 +0.10 0.39 + 0.08 0.40 + 0.10
V/Ty (L s7h 1.12+0.15 1.23 £ 0.21 1.28 £ 0.16%F 1.25 £0.36 1.19 £ 0.40 1.46 £ 0.54
SpO, (%) 100 £0 100 +£0 100 +£0 100£0 100+ 0 100 £ 1
EMG; g (%omax) 34 £ 23 22 +7 40 + 20 89 + 18 88 + 17 83+ 19
CR10¢ jmbs 23+1.0 2.8+ 1.1 33+12 834+22 75+ 1.7 7.0+22
CR10pyspnoea 1.9+ 1.7 1.7+14 2.6 + 1.4%F 5.7+3.1 5.1+29 54431

Mean &= SD,n =8

VO, 0, uptake, VCO, CO, output, RER respiratory exchange ratio, Vi / VO, ventilatory equivalent for 0,, Vi /VCO, ventilatory equivalent for
CO,, f cardiac frequency, Vg minute ventilation, V; tidal volume, f, respiratory frequency, 7, inspiratory time, T expiratory time, Ty, total
respiratory time, 7/Ty,y inspiratory duty cycle, T/T o expiratory duty cycle, V;/T, mean inspiratory flow, SpO, arterial oxygen saturation,

EMG ; pys €lectromyographic activity (root mean square) of the diaphragm, CR10-

breathing discomfort

Limbs i0tensity of limb discomfort, CR10p,,,,., intensity of

* Significantly different from 50 rev min~' (p < 0.05); T significantly different from 70 rev min~! (p < 0.05)

differences in cardiorespiratory function among cadences
were attenuated during severe exercise, although there was
a trend towards greater VO, at 90 rev min~' compared to
50 rev min~! (p = 0.069). Oxygen saturation (SpO,) was
unaffected by cadence at either exercise intensity.

During moderate exercise, inspiratory time (77 was
shorter at 90 rev min~' compared to 50 rev min~! (p = 0.012)
and 70 rev min~! (p = 0.016), and during severe exercise,
T, was shorter at 90 rev min~' compared to 70 rev min~!
(p = 0.049). Mean inspiratory flow (V/T}) during moderate
exercise was also greater at 90 rev min~' compared to both
70 rev min~!' (p = 0.009) and 50 rev min~' (p = 0.001).
We were able to obtain phasic diaphragm EMG traces from
four participants. In these participants, diaphragm activity
was substantially greater during severe vs. moderate exercise
(87 £ 18 vs. 32 + 17% EMG; max), but with no discernible
differences among cadences at either intensity.
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Discussion

The aim of this study was to assess the acute influence of
arm-crank cadence and work rate on locomotor-respiratory
coupling and cardiorespiratory function. A novel finding
was that participants more frequently synchronised their
locomotor and respiratory rhythms when arm-cranking at
moderate-high cadences (70-90 rev min~'), compared to
low cadences (50 rev min~!). Furthermore, arm-cranking
at 90 rev min~! significantly increased cardiorespiratory
stress during moderate exercise when compared to either
50 or 70 rev min~!, with correspondingly greater perceived
intensity of dyspnoea. Collectively, these findings sug-
gest that, for a given submaximal work rate, there may be
a strong cadence-mediated influence on cardiorespiratory
function, dyspnoea, and respiratory entrainment patterns,
as per our original hypothesis.
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Fig. 3 Oxygen uptake (a), car- A
diac frequency (b), ventilation
(¢), and tidal volume (d) during
arm-cranking at moderate and
severe intensities, performed

at 50, 70, and 90 rev min~".
Cardiorespiratory responses
during moderate exercise were
greater at higher cadences,

but the differences were less
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Participants exhibited LRC more often at higher arm-crank
cadences (70-90 rev min~") during both moderate and severe
exercise. It has been suggested that participants engage in
LRC to simplify the coordination of respiratory and postural
tasks, particularly during dynamic exercise when loads on the
torso exacerbate the mechanical demands of the respiratory
muscles (Hodges et al. 2001). The greater prevalence of LRC,
therefore, is likely associated with elevated thoracic postural
demands imposed by the cadence rate.

Our observations reflect that of the previous research
which has also observed LRC to occur with a prevalence
of ~25% during arm-cranking performed at 90 rev min~!,
as well as a magnitude of LRC (~25%) that appears to be
independent of work rate (Paterson et al. 1986). Early stud-
ies of LRC that used cross correlation to detect relation-
ships between trains of respiratory and locomotor impulses
also observed an increased tendency to entrain when exer-
cising at faster cadences, although such measurements
were made during lower-limb cycle ergometry (Bechbache
and Duffin 1977).

Phase-locking of locomotor and respiratory patterns
reduces the mechanical interactions between locomotion
and ventilation, and might, therefore, minimise the conflict
between muscles that contribute to both (Deban and Car-
rier 2002). As such, LRC occurs most frequently during

CADENCE (rev min™)

periods of heightened respiratory muscle conflict to reduce
the energy cost of breathing (Daley et al. 2013). Since the
primary mechanical factors controlling LRC are thoracic
loading and inertial displacement of soft body tissues
(Bramble and Carrier 1983; Bramble and Jenkins 1993), it
is likely that the fast, rhythmical rotations of the arms and
shoulders during arm-cranking exacerbated the mechani-
cal interactions between locomotor and ventilatory muscu-
lar contractions. The present observation that LRC is more
prevalent at 90 rev min~! during severe exercise is indirect
evidence that such conditions result in additional mechani-
cal demands on the thoracic complex.

The present findings suggest a causal relationship between
the greater prevalence of LRC and the higher cadence
rate. We found that moderate exercise at 90 rev min~!
resulted in greater mean inspiratory flow compared to
either 70 or 50 rev min~' (1.28 & 0.16 vs. 1.23 £ 0.21 vs.
1.12 4+ 0.15 L s7"). Similar patterns were noted for 7; and
Tror at both intensities, in that there were shorter respiratory
duty cycles at 90 rev min~', indicative of faster inspiration to
expiration transitions. Others have found that when engaged
in LRC, healthy participants tend to initiate the inspiration
to expiration transition at mechanically compatible (assis-
tive) phases of the locomotor cycle to facilitate, rather than
impede, pulmonary airflow; resulting in faster inspiration to
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expiration transitions (Daley et al. 2013). Since we observed
no differences in respiratory frequency across cadences at
either work rate, it appears that our participants entrained
more frequently at higher cadences to facilitate lung expan-
sion via significant increases in expiratory and inspiratory
flow. This is in contrast with earlier suggestions that greater
LRC at faster cadences may result in greater respiratory fre-
quency (Price et al. 2007). Collectively, these observations
are consistent with the hypothesis that LRC results from
heightened respiratory muscle conflict to facilitate respira-
tory flow. Since isometric contractions elicit the same VOQ
per unit of muscle mass as dynamic muscle contractions
(Elder et al. 2006), faster cadence arm ergometry may have
resulted in postural muscle contractions that elevated VO
without directly contributing to force output or propulsion of
the crank shaft. Such responses have been reported to reduce
gross and net mechanical efficiency (Powers et al. 1984).

In an effort to quantify the combined ventilatory and
reactive postural contractions of the respiratory muscles,
we measured neural drive to the diaphragm during exercise.
Since the diaphragm has both inspiratory and static pos-
tural functions (Hodges et al. 1997; Hodges and Gandevia
2000), it was expected that greater postural disturbances
at high cadences would manifest in greater neural drive to
the diaphragm, and yet, the present data do not support this
hypothesis. Although diaphragm EMG may increase during
static postural contractions (Hodges et al. 1997; Hodges and
Gandevia 2000), isometric rotational tasks do not elicit sig-
nificant increases in diaphragm EMG (Hudson et al. 2010).
Furthermore, when ventilation increases during dynamic
exercise, neural input to the diaphragm is altered to priori-
tise its ventilatory functions (Hodges et al. 2001), resulting
in diminished postural drive. Although we were currently
unable to assess phrenic postural input, it appears that the
role of the diaphragm in postural support at high cadences
may be minimal, as suggested by the present data. Since
inspiratory drive is distributed differently across various
inspiratory muscles, possibly according to their mechanical
effectiveness (Butler 2007), it may be that other trunk mus-
cles—those with a less dominant role in pulmonary venti-
lation—make a more functional contribution to isometric
postural support during high-cadence arm-cranking. Further
assessment of the accessory respiratory muscles, deep mus-
cles of the abdomen, and superficial muscles of the lower
back may yield additional insight into their respective pos-
tural contributions during dynamic upper-body exercise.

The influence of cadence on cardiorespiratory function
was reduced during severe exercise, as also noted in the
previous studies on arm-cranking (Powers et al. 1984). This
attenuated response at high intensities may relate to the
greater work rate of severe compared to moderate exercise
(77 £ 18 vs. 40 = 13% W,y). It has been suggested that
unloaded arm-cranking at high cadences elicits a greater
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energy cost of moving the exercising limbs compared to
low cadences (Price et al. 2007). As the power output (and
subsequent energy demand) increases, however, the energy
cost associated with unloaded arm-cranking becomes an
increasingly smaller contributor to total energy expendi-
ture. Moreover, generating a high absolute external power
output during severe exercise likely requires a greater vol-
ume of active muscle mass, at both high and low cadences,
to revolve the flywheel. Cardiorespiratory function, there-
fore, is ultimately dictated by the greater volume of mus-
cle mass recruited during high-intensity arm-cranking, thus
minimising the cadence influence on V02 at this work rate.

Implications

Our findings may have practical implications for both
patients and healthy subjects. Since all primary and second-
ary muscles of respiration attach to the ribs, the accessory
(non-respiratory) muscular contractions associated with
upper-body exercise, might produce substantial distortion
and stiffening of the ribcage (Kenyon et al. 1997). This,
in turn, likely inhibits the expansion of tidal volume dur-
ing upper-body exercise, thereby increasing sensations of
breathlessness in patients with obstructive respiratory dis-
orders. Upper-body exercise is typically incorporated into
rehabilitation programmes, so we recommend that the exer-
cise is performed at low cadences which are likely to offset
dyspnoea intensity. Furthermore, additional loading of the
expiratory muscles during high-intensity (high-cadence)
upper-body exercise might contribute to expiratory muscle
fatigue following arm-cranking (Tiller et al. 2016), which
may impede exercise capacity via the respiratory muscle
metaboreflex response (Dempsey et al. 2006) during which
there is an increased competition for cardiac output. Res-
piratory muscle fatigue has also been shown to increase
the intensity of dyspnoea (Suzuki et al. 1992) and, there-
fore, athletic populations should also carefully consider the
cadence rate applied during upper-limb exercise.

In conclusion, the greater prevalence of LRC during
moderate-high-cadence arm-cranking, and the associated
facilitation of respiratory airflow, supports the hypothesis
that such exercises result in greater reactive postural con-
tractions. Increased isometric work might also contribute
to the greater O, cost of high-cadence arm-cranking. Since
reactive muscle contractions do not contribute directly to
locomotion or force development, activities that impose
large reactive forces appear to impact negatively on oxygen
economy and dyspnoea.
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