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Abstract

Considerable interindividual differences in the Q — VO, relationship during
exercise have been documented but implications for submaximal exercise tol-
erance have not been considered. We tested the hypothesis that these
interindividual differences were associated with differences in exercising mus-
cle deoxygenation and ratings of perceived exertion (RPE) across a range of
submaximal exercise intensities. A total of 31 (21 £ 3 years) healthy recre-
ationally active males performed an incremental exercise test to exhaustion
24 h following a resting muscle biopsy. Cardiac output (Q L/min; inert gas
rebreathe), oxygen uptake (VO, L/min; breath-by-breath pulmonary gas
exchange), quadriceps saturation (near infrared spectroscopy) and exercise tol-
erance (6-20; Borg Scale RPE) were measured. The Q-VO0, relationship
from 40 to 160 W was used to partition individuals post hoc into higher
(n=10; 6.3 £ 0.4) versus lower (n = 10; 3.7 £ 0.4, P < 0.001) responders.
The Q — VO, difference between responder types was not explained by arte-
rial oxygen content differences (P = 0.5) or peripheral skeletal muscle charac-
teristics (P from 0.1 to 0.8) but was strongly associated with stroke volume
(P < 0.05). Despite considerable Q — VO, difference between groups, no dif-
ference in quadriceps deoxygenation was observed during exercise (all
P> 0.4). Lower cardiac responders had greater leg (P = 0.027) and whole
body (P = 0.03) RPE only at 185 W, but this represented a higher %peak
VO, in lower cardiac responders (87 £ 15% vs. 66 £ 12%, P = 0.005). Sub-
stantially lower Q — VO, in the lower responder group did not result in
altered RPE or exercising muscle deoxygenation. This suggests substantial
recruitment of blood flow redistribution in the lower responder group as part
of protecting matching of exercising muscle oxygen delivery to demand.
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Systemic Oxygen Delivery and Exercise Tolerance

Introduction

Systemic oxygen delivery (cardiac output; Q) increases in
proportion to exercising muscle oxygen consumption
(VO,) and is closely coupled to the increase in exercising
muscle blood flow (eMBF) (Mortensen et al. 2008; Calbet
et al. 2015). A potential modifier of this coupling is the
contribution of vasoconstriction in nonexercising muscle
tissue, which could allow eMBF to increase more than Q
due to redistribution of peripheral perfusion as demon-
strated in animal studies (Armstrong et al. 1987). Arterial
blood pressure results from the interaction of Q and the
total vascular conductance (TVC) and also requires regu-
lation during exercise hyperemia. A greater Q increase for
any given submaximal exercising muscle oxygen demand
would allow for the regulation of arterial blood pressure
at a higher exercising muscle vascular conductance, with
subsequently greater exercising muscle oxygen delivery
(O,D). .

At present, the Q response to an increase in oxygen
demand presents with a “typical” slope of ~5-7 L/min of
0O per 1 L/min of VO, (Faulkner et al. 1977; Proctor
et al. 1998; Adami et al. 2014). However, there is evi-
dence for considerable interindividual variation at the
same submaximal VO, with Q differences of up to ~5 L/
min being observed (Reeves et al. 1961; Astrand et al.
1964; Yamaguchi et al. 1986). Within an individual,
increases in submaximal Q arise following hemodilution
(Roach et al. 1999), while the slope of QO—-VO, is
increased in hypoxia (Adami et al. 2014). These within
subject findings have been assumed to apply to interindi-
vidual differences in Q (Faulkner et al. 1977, Proctor
et al. 1998; Adami et al. 2014).

To the best of our knowledge, only one study has actu-
ally sought to interrogate interindividual differences in
submaximal Q (Freedson 1981). During submaximal
cycling exercise in women, it was revealed that [HDb]
between ~10-13.5 g/100 mL blood was negatively corre-
lated with Q. [Hb] greater than 13.5 g/100 mL blood
appear to have no effect on Q. While C,0, was not
reported in the previously mentioned investigations
(Reeves et al. 1961; Astrand et al. 1964; Yamaguchi et al.
1986), the findings of (Freedson 1981), regarding a
threshold [Hb] at ~13.5 g/100 mL blood above which
there is no effect on interindividual differences in
Q—VO,, would argue against the magnitude of
interindividual differences in Q — VO, in males simply
reflecting compensation for C,0, differences between
individuals. Given the well-established effect of altered
O,D within an individual on exercise tolerance (for
review see, Hepple 2002), the potential impact of
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interindividual differences in Q — VO, on oxygen supply
to submaximal exercising muscle warrants consideration.

An individual’s ratings of perceived exertion (RPE)
(verbal expression of how “hard” exercise feels on the
Borg Scale (Borg 1970)) provides a representation of the
psychophysiological stress of exercise (Abbiss et al.
2015). During exercise, RPE is reduced in hyperoxia
(Eves et al. 2002), increased in hypoxia (MacNutt et al.
2015) and increased in response to fatigue (Eiken and
Bjurstedt 1987). Within individuals these investigations
speak to the effects of manipulating O,D and the sensi-
tivity of RPE to cellular homeostasis. However, they fail
to address the implications of potential interindividual
differences in Q — VO, on exercise tolerance as repre-
sented by RPE.

Therefore, the purpose of this study was to deter-
mine whether interindividual differences in Q — VO,
during exercise in men were associated with differences
in exercising muscle deoxygenation and RPE across a
range of submaximal exercise intensities. Given that
variation in skeletal muscle capillary density (Brodal
et al. 1977; Zoladz et al. 2005) and therefore diffusive
conductance, coupled with individual variability in
mitochondrial enzymatic activity (Zurlo et al. 1994)
could impact metabolic and contractile function at a
given convective O,D, we also undertook measurements
of these characteristics to account for their potential
influence on the Q— VO, relationship. We hypothe-
sized that healthy young men would differ considerably
in their cardiac response during exercise and that a
lower Q — VO, would be associated with reduced mus-
cle oxygenation and increased RPE at a given submaxi-
mal exercise intensity.

Methods

Participants

Thirty-one healthy, recreationally active (<3 h/week of
structured exercise) male participants (21 £ 3 years)
with no history of smoking, cardiovascular disease or
hypertension participated. Participants for all intent and
purposes were a homogeneous male subset from our
population of interest. This study was approved by the
Health Sciences Research FEthics Board at Queen’s
University according to the terms of the Declaration of
Helsinki. Procedures were in accordance with institu-
tional guidelines. Fach participant provided signed con-
sent after receiving complete verbal and written
descriptions of the experimental protocol and potential
risks.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Experimental design

This was a between participant design in which each
participant completed 2 visits to the laboratory. On the
first visit, a venous blood sample and a muscle biopsy
(details to follow) were obtained. On the second visit,
one incremental cycling exercise test to volitional
exhaustion was completed. A single exercise test was
completed due to the strong reproducibly in the assess-
ment of Q and VO,. Prior bouts of submaximal cycling
demonstrated a within participant between day coeffi-
cient of variation of 2.2% and 2.8%, respectively
(n=4). Given the low level of variability, modified
Monte Carlo simulations determined that multiple
repeats were not required to state with confidence that a
particular individual had a different cardiac response
from someone else (Fig. 1).

Incremental exercise test

The day after the venous blood sample and resting
muscle biopsy, participants arrived at Kingston General
Hospital for a progressive exercise test to exhaustion.
Each participant completed a progressive cycling exer-
cise on an electronically braked cycle ergometer (VIA-
sprint 150P; Ergoline, Bitz, Germany). Seat height was
adjusted for each participant to a level deemed com-
fortable by each participant. Participants rested on the
bike for 5 min. Exercise started at 40 W (at a self-
selected rpm) and increased every 4 min until 160 W.
Following 160 W, exercise intensity increased by 25 W
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every minute until volitional exhaustion. During the
exercise systemic blood pressure, Q, VO, and RPE were
measured.

Instrumentation and data acquisition

Standard anthropometric data

Upon arrival in the laboratory, standard anthropometric
data was obtained for each subject. Age, height, weight
and waist circumference were obtained. A 7-day physical
activity recall adapted from (Sarkin et al. 1997) was com-
pleted to quantify current exercise habits.

Venous blood sample and assessment of skeletal
muscle properties

Participants arrived to the lab in the morning after ~8 h
of fasting. Upon arrival at the lab, a supine resting blood
sample was obtained using standard venipuncture into a
4.5 mL lithium heparin vacutainer. The tube was inverted
8-10 times and then immediately analyzed for hemoglo-
bin content with a blood gas analyzer. Following the
blood sample, participants underwent a resting muscle
biopsy using the Bergstrom needle biopsy technique
(Bergstrom 1975). Biopsies were performed under sterile
conditions with local anesthesia (2% lidocaine) using a
custom-modified Bergstrom biopsy needle and manually
applied suction. Following the biopsy, muscle tissue was
immediately blotted, snap-frozen in liquid nitrogen, and
stored at —80°C until analyzed.
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Figure 1. Progressive exercise test and measurement timing. (A) Progressive exercise test beginning with rest and increasing by 40 W every
4 min until 160 W. Beyond 160 W, exercise increased by 25 W every minute until volitional exhaustion. (B) Timing of measurements

(in minutes) during exercise up to 160 W. (C) Timing of measurements (in seconds) during exercise beyond 160 W. RPE, rating of perceived
exertion; VO, rate of oxygen consumption; NIRS, near infrared spectroscopy.
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Cardiac output - inert gas rebreathe

In a five-breath maneuver, participants breathed a mix-
ture of three gases (99.4% oxygen, 0.5% nitrous oxide,
and 0.1% sulfur hexafluoride) from a rebreathing bag
(Innocor, Innovision, GbH). Briefly, sulfur hexafluoride
is insoluble and is used to calculate lung volume.
Nitrous oxide is a soluble gas that is absorbed by the
blood, and is harmless at these concentrations during
exercise with 2-3 min between tests. The disappearance
of nitrous oxide into the blood allows for the measure-
ment of pulmonary blood flow and therefore Q in
healthy persons. Breathing maneuvers were completed at
rest and during exercise at 40 W increments once every
4 min up to 160 W. Maneuvers were implemented after
controlling for breathing frequency and tidal volume
and occurred during steady state. This rebreathing
method correlates well with direct Fick measures of Q
r=10.94 (Agostoni et al. 2005) with a mean bias of
+0.34 £+ 0.59 L/min (Peyton and Thompson 2004) and
demonstrates strong reproducibility (coefficient of varia-
tion 4.3%) during submaximal exercise in healthy partic-
ipants (Fontana et al. 2009). Pilot work (n=4)
demonstrated that our Q variability (assessed both
within and between day) was 2.2% for exercise intensi-
ties up to 200 W.

Cardiac output - finger photoplethysmography

A finger photoplethysmograph was placed on the middle
finger of the left hand to measure mean arterial blood
pressure throughout exercise. Both arms were supported
by clip-on Bontrager aerobars (Trek, Waterloo, WI) and
therefore the hand remained in the same position relative
to heart level at all times. The aerobars also allowed for
the hands to remain relaxed throughout exercise. In addi-
tion to blood pressure, this device provides estimates of
stroke volume (SV) and thereby computed O and total
peripheral resistance via the ModelFlow™ (Finapres Medi-
cal Systems, the Netherlands).

Quadriceps muscle oxygenation status

Quadriceps oxygenation of the right leg was measured by
frequency-domain  multidistance  near-infrared spec-
troscopy (FDMD NIRS, Imagent; ISS, Champaign, IL).
Principles of operation and algorithms have been
described in detail previously (Gratton et al. 1997). The
probe was secured to the skin over the vastus lateralis
muscle ~14 cm above the patella with adhesive tape and
an elastic bandage. FDMD NIRS provides measurements
of the absolute concentrations of oxygenated and deoxy-
genated  hemoglobin/myoglobin  (oxy-[Hb/Mb]  and
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deoxy-[Hb/MD], respectively). Measures of total heme
concentration (total [Hb/Mb] = oxy-[Hb/Mb]+deoxy-
[Hb/Mb]) and tissue oxygen saturation (StO, = oxy-[Hb/
Mb]/total [Hb/Mb], %) were also calculated. Oxygenation
status of the muscle was recorded continuously through-
out exercise.

Gas exchange and ventilation

Pulmonary gas exchange and ventilation were measured
breath-by-breath using a calibrated, computer-based sys-
tem (Vmax Encore 229, CareFusion, Yorba Linda, CA).
Both gas and volume calibrations were calibrated prior to
each exercise testing session. Oxygen and carbon dioxide
were calibrated using a two-point calibration with atmo-
spheric air and a known gas mixture (16% oxygen, 4%
carbon dioxide). Volume calibration was completed with
a 3 L volume syringe in accordance to the specifications
outlined by the manufacture. Pulmonary gas exchange
was measured continuously.

Heart rate and RPE

Participants were outfitted with a three lead electrocar-
diogram for the measurements of heart rate (HR)
throughout exercise. Three minutes into rest and during
steady state exercise from 40 to 160 W, ratings of
whole body perceived exertion (RPEwgp) and peripheral
exertion of the legs (RPE;) were obtained in succession
on the Borg 6-20 scale. Prior to exercise participants
were oriented to the scale and read a script taken from
(Faulkner and Eston 2007) to ensure correct under-
standing of exertional assessment. Beyond 160 W, RPE
was obtained during the last 15 sec of an exercise
intensity.

Data analysis

Venous effluent — hemoglobin concentration

The venous blood sample was analyzed with a blood gas
analyzer (Stat Profile Prime Blood Gas Analyzer, Nova
Biomedical, Mississauga, Canada) for hemoglobin concen-
tration.

Immunofluorescent and histochemical analysis
Skeletal muscle fiber type

Immunofluorescent analysis of myosin heavy chain
(MHC) isoforms was performed as previously described
(Bloemberg and Quadrilatero 2012; Scribbans et al. 2014)

using primary antibodies against MHC I (BA-F8), MHC

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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ITa (SC-71), and MHC IIx (6H1) (Developmental Studies
Hybridoma Bank, Iowa City, IA). Sections were incubated
with a primary antibody against dystrophin (MANDYS1
[3b7], Developmental Studies Hybridoma Bank) to iden-
tify the muscle membrane. Fiber types were identified by
isotype-specific fluorescent secondary antibodies (type I,
blue; type Ila, green; type IIX, red; as well type IIAX
hybrid fibers). For all immunofluorescent procedures, sec-
tions were mounted with Prolong Gold Antifade Reagent
(Life Technologies, Burlington, Ontario, Canada) and
imaged the following day. All sections were visualized
with an Axio Observer Z1 microscope (Carl Zeiss, Jena,
TH, Germany). Individual images were taken across the
entire muscle cross-section and assembled into a compos-
ite panoramic image using AxioVision software (Carl
Zeiss).

Capillary density

Quantification of capillary density was completed as pre-
viously described (Scribbans et al. 2014). Briefly, sections
of muscle tissue were fixed in 4% paraformaldehyde for
10 min, followed by permeabilization with 0.5% TritonX-
100 for 30 min, and then blocked in 10% goat serum for
30 min. Sections were then incubated overnight in 5%
goat serum with the appropriate primary antibodies
specific for the endothelium (PECAM) and sarcolemma
(dystrophin) (Developmental Studies Hybridoma Bank,
Iowa City, IA). After 3, 5 min washes in phosphate buf-
fered saline, sections were incubated for 1 h in 5% goat
serum with the appropriate fluorescent secondary anti-
bodies (Life Technologies).

Succinate dehydrogenase activity

Histochemical staining for succinate dehydrogenase
(SDH) activity was completed as previously described
(Bloemberg and Quadrilatero 2012) to quantify mito-
chondrial content as this mitochondrial enzyme is
strongly correlated with mitochondrial content (r = 0.73)
(Larsen et al. 2012). A brightfield Nikon microscope
linked to a PixeLink digital camera were was used to
acquire images. Individual images were taken across the
entire muscle cross-section and assembled into a compos-
ite panoramic image using Microsoft Image Composite
Editor (ICE) (Microsoft, Redmond, WA). Images were
analyzed in Image] and calculated by subtracting back-
ground staining. Compiled images were matched to fiber-
type images and ~40 of each fiber type were randomly
selected and analyzed. Data were expressed relative to the
values obtained in type I and II fibers, which were
assigned a reference value of 1.0, and reported as mean

optical density in arbitrary units.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Oxygen consumption

Oxygen consumption was obtained on a breath-by-breath
basis. At rest and up to 160 W, a 30 sec average was
computed within the last 1 min and 30 sec of an exercise
intensity. Beyond 160 W a 15 sec average was computed
during the last 15 sec of a completed exercise intensity.

Cardiac output - inert gas rebreathe

Pulmonary blood flow (Cardiac Output; Q) was measured
during the last ~30 sec of rest and each completed exer-
cise intensity up to 160 W. Beyond 160 W inert gas
rebreathe was not completed due to: (1) the length of
time to complete the test and the requirements for VO,
and RPE. (2) The manufacturer suggested washout period
of 2 min during exercise. (3) The sudden cessation of
exercise at exhaustion making peak assessments extremely
challenging. Therefore, we utilized the following method
below to obtain more accurate Q measures during higher
intensity exercise.

Cardiac output - finger photoplethysmography

Finometer measures of arterial blood pressure and esti-
mates of Q were obtained on a beat-by-beat basis. Q
measures were time aligned with Innocor during rest
and each measurement up to 160 W. Beyond 160 W,
we employed a correction factor to our Finometer esti-
mates of Q to provide corrected, more accurate mea-
sures of Q at higher exercise intensities similar to (Tam
et al. 2004). Our method of correction consisted of a
linear regression of Finometer estimates of Q and Inno-
cor measures of Q up to 160 W. Once an individual’s
relationship was established, given an estimated Finome-
ter measure of Q, an Innocor corrected Q measure
could be computed. Although individual corrections
were applied, this method produced a linear relation-
ship between Innocor measures of Q and Finometer
estimates of Q (slope values of 1.1 £ 0.3) and 7 values
(0.95 £ 0.04).

HR and arterial blood pressure and skeletal
muscle oxygenation

HR, arterial blood pressure and skeletal muscle oxygena-
tion were computed during the same time period as Q.

Computation of blood flow (cardiac output)
redistribution

At each exercise intensity eMBF, exercising muscle venous
oxygen content (C,0,) and exercising muscle StO,, as
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well as other tissue blood flow and other tissue C,0, were
computed given known measures of Q, VO,, and C,0..
To provide an estimate of other tissue blood flow that
was available for redistribution in exercise, it was assumed
that resting, soon to be exercising, skeletal muscle
received 5 mL/100 g per minute of O (Saltin et al. 1998;
Kalliokoski et al. 2000) and that 20 kg of muscle would
participate in the cycling exercise.

It is important to understand that the muscle mass
estimate was only used in estimating baseline muscle
blood flow in what would be the soon to be exercising
muscles. By subtracting this from Q we obtained our
estimate of resting blood flow to nonexercising tissue,
which would be available for redistribution. Recognizing
that 20 kg might be an over estimation of the exercising
muscle mass in some individuals and an underestima-
tion in others, it is important to consider its impact on
estimated other tissue blood flow at rest. An estimate of
resting muscle blood flow from the reported values in
the literature (Saltin et al. 1998; Kalliokoski et al. 2000)
represents 50 mL/kg per minute. Therefore, even if the
range of soon to be exercising muscle across individuals
was as much as 10 kg, the largest differences in esti-
mated resting blood flow of nonexercising tissue would
be 500 mL/min.

In exercise, increases in Q beyond resting levels were
assumed to perfuse active skeletal (Armstrong et al
1987) and nonexercising tissue VO, was assumed to
remain constant. The lowest plausible exercising muscle
venous saturation of 15% (Costes et al. 1996; MacDon-
ald et al. 1999) was used as a cutoff for the requirement
of blood flow redistribution from other tissue to aug-
ment Q. This redistribution was only calculated for an
individual at a given exercise intensity if the increase in
muscle blood flow corresponding to the measured
increase in Q was inadequate to maintain at least this
cutoff C,0,. The required redistribution to result in the
cutoff C,0, was then calculated. Thus, the comparison
of lower and higher cardiac output blood flow redistri-
bution response reflects only the response that would be
absolutely essential.

The goal of this was to establish that adequate resting
tissue blood flow was available for redistribution to meet
this minimum C,0, cutoff. In other words, that redistri-
bution was a plausible mechanism for explaining how
exercising muscle oxygenation could be the same across
individuals with considerably different systemic O,D Q).
In addition, group analysis for lower and higher cardiac
responders was completed in which exercising muscle
C,0, for lower cardiac responders was matched to higher
cardiac responders at the group level and other tissue
C,0, was calculated for each exercise intensity given
known values of Q, VO,, and C,0,.

2018 | Vol. 6 | Iss. 2 | 13570
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Statistical analysis

A linear regression was completed for each participant’s
AQ versus AVO, data from 40 to 160 W to identify indi-
vidual Q — VO, relationships. This exercise intensity
range was used because it ensured that all participant fits
were based on the same exercise intensity increments, as
with increasing exercise intensity there was participant
attrition beyond 160 W. Individual slope responses were
ranked, and participants with the 10 lowest and 10 high-
est slopes were grouped post hoc as lower and higher car-
diac responders, respectively (Fig. 2A). All subsequent
analysis was completed on these two groups, unless other-
wise noted.

Following post hoc identification of lower and higher
cardiac response groups, AQ was plotted against AVO, at
each exercise intensity for each group. A linear regression
was completed for each group’s data, and slope analysis
of these regressions was completed to determine if there
was a significant between-group difference (Fig. 2B).

A one way repeated measures mixed model ANOVA
was used to compare lower versus higher cardiac respon-
ders for A4 Q, SV, HR StO,, Q redistribution, exercising
muscle CyO,, other tissue CyO, at each exercise intensity
from 40 to 185 W (Figs. 4-6). Additional one way
repeated measures mixed model ANOVAs were com-
pleted for A mean arterial pressure (MAP), TVC, RPE
and VO, (data not shown). Due to variability in fitness,
two lower responders did not complete the 185 W exer-
cise intensity. Therefore, one, one way repeated measures
mixed model ANOVA was completed from 40 to 160 W
for all 20 participants (lower; n = 10 and higher; n = 10).
Then, only participants who completed 185 W were used
in a subsequent ANOVA for the remaining 18 partici-
pants (lower; n = 8 and higher; n = 10). This method
was completed previously (Bentley et al. 2014) and allows
us to maximize the strength of the repeated measure
ANOVA.

Linear regressions across all participants were com-
pleted for Q — VO, versus RPE (data not shown) and
AStO, (Fig. 5) to confirm that an observed difference
between lower and higher cardiac responders for a given
variable at each exercise intensity reflected the relation-
ship across all participants. These were conducted for
each exercise intensity between 40 and 185 W in which
AQ was statistically significantly reduced in lower com-
pared to higher cardiac responders (120 W; n = 30,
160 W; n = 30, 185 W; n = 28). Linear regressions across
all participants were also completed at these intensities
for individual A4SV, AHR and ATVC versus Q (data not
shown). Lastly, linear regressions were completed across
all participants for individual Q — VO, relationships ver-
sus peak exercise intensity (data not shown), VO, peak

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



R. F. Bentley et al.

A Lower cardiac responder

A Q -AVO, response
(L of blood/min per /L of O,/min)
N

Systemic Oxygen Delivery and Exercise Tolerance

Higher cardiac responder

0 T T T T T T T
0 5 10 15 20 25 30
Participant number
*
B 251
////
20 A - T -
1 T 1://
e = y
= 15 L.~ l
€ P
J o —
.o 101 f
< -7 ® Lower
- ——~ Lower Regr 1
54 7 ——- Lower Regr 2
O Higher
_ —— Higher Regr 1
= —— Higher Regr 2
0 7 //
//
-1 0 1 2 3 4 5

A VO, (Limin)

Figure 2. Cardiac responses to progressive exercise. (A) The increase in cardiac output (Q) required for a given increase in oxygen consumption
(VO,) from 40 to 160 W. Individual slope responses are presented from lowest to highest. Dashed lines express the traditional slope response.
Lower and higher cardiac responders were identified as the lowest and highest 10 individual responses, respectively. (B) Mean AQ required for
a AVO, at each exercise intensity for lower and higher cardiac responders. Linear regressions are plotted for lower (dashed lines) and higher
(solid lines) responder groups. Regressions were completed up to the plateau, and beyond the plateau in AQ independently. *Statistically

significant difference between lower versus higher responders P < 0.05.

(data not shown), Q peak (data not shown) and C,0,
(Fig. 3).

Unpaired Student #-tests were used to compare peak
responses between lower versus higher cardiac response
groups as well as baseline values, skeletal muscle proper-
ties and anthropometric data (Table 1, Fig. 3).

Statistical significance was set at P < 0.05. Only signif-
icant F-statistics within the ANOVA for group by exer-
cise intensity were further assessed using Bonferroni
corrected post hoc tests. All assumptions of the repeated
measure mixed model ANOVA were met including nor-
mality, homogeneity of regression slopes and sphericity.
When the assumption of sphericity was not met, a
was applied when

Greenhouse-Geisser  correction

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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determining F-statistic significance. When linear regres-
sions were completed at 120, 160, and 185 W, a Bonfer-
roni correction was applied to the significance level to
maintain family wise error rate (P = 0.05/3). Statistical
comparisons were only completed up to 185 W due to
participant attrition at higher exercise intensities. Statis-
tics were calculated using a combination of SPSS 20
(IBM Software), SigmaPlot 12.0 (Systat Software, Inc.)
and GraphPad Prism 6 (GraphPad Software, Inc.). All
results presented are mean A from baseline £ SD unless
otherwise noted. During the calculation of individual
Q- VO, and subsequent systemic C,O, validation, one
participant had an implausible systemic C,0, at 160 W
(for more information see Results). This participant was
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Figure 3. Arterial oxygen content (C,0,). (A) Correlation between Q — VO, and C,0, with all participants. (B) Lower versus Higher cardiac

response group comparison. Not significant (NS), P > 0.05.

removed from our data set and analysis was completed
with an n = 30.

Results

Standard anthropometric data and baseline
values

Standard anthropometric data is presented in Table 1
alongside baseline values. There was no difference
between any parameters except lower cardiac responders
had a higher HRpg (94 =+ 11 vs. 73 & 10, P < 0.001).

Identification of higher and lower cardiac
responses

Analysis of the Q— VO, from 40 to 160 W revealed
slope responses ranging from 3.3 to 7.0 L/min of blood
per L/min of oxygen (Fig. 2A). Higher and lower cardiac
responders were identified post hoc (n = 10/group).
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These two groups differed in their Q — VO, relationship
(6.3 £ 0.4 vs. 3.7 £ 04 L of blood per L of oxygen,
P <0.001) (Fig. 2B). AQ was reduced in lower respon-
ders from 120 to 185 W (all P < 0.008, Fig. 4A). Com-
puted systemic C,O,, which can be used to determine the
validity in Q measures, revealed only one implausible
value (0 < C,0, <20 mL O,/L) at 160 W. This partici-
pant was removed from all analysis. All other values were
plausible (C,O, > 20 mL O,/L) (data not shown).

Explanation of disparate cardiac responses

Observed differences in cardiac responses across all partic-
ipants were not correlated with C,0, (r = 0.04, P = 0.8;
Fig. 3A). Furthermore, lower and higher cardiac response
groups did not differ in C,0, (205 £ 7 vs. 207 £ 8 mL
O,/L blood; P = 0.5) (Fig. 3B). As such, differences in Q
represent differences in systemic O,D. The presence of a
varying cardiac response was not attributed to differences
in skeletal muscle properties of the wvastus lateralis

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 1. Anthropometric measures, baseline values, peripheral skeletal muscle characteristics, peak oxygen consumption and cardiac

output — oxygen consumption relationship.

Variable All (n = 30) Lower (n = 10) Higher (n = 10)
Age (years) 21+ 3 22 + 3 21 +£2
Height (cm) 182 +7 180 + 7 182 + 6
Weight (kg) 76 + 10 75 + 12 81 +7
BMI 231+ 24 23.2 £ 3.0 245 + 2.1
7 day PAR score (METS/week) 248 + 17 244 + 13 249 + 15
MAPgs;, (MmHg) 91 +9 93 +9 90 + 8
HRgst (bpm) 84 + 12 94 + 11 73 + 10'
SVgsi (mU/beat) 75 + 15 70 + 20 83 + 11
QBSL (L/min) 6.2 + 1.1 6.4+ 15 6.0+ 1.0
VOsgs. (L/min) 0.34 + 0.05 0.33 £ 0.05 0.33 &+ 0.05
TVCgs, (/min per 100 mmHg) 6.8 £ 1.1 69+ 14 6.7 £1.0
StOps (%) 71+ 6 71+ 3 70 £ 6
C,0, (mL O/L) 206 + 8 205 + 7 207 + 8
Capillary density (mm?) 468 + 85 456 + 67 457 + 107
Type | fiber (%) 51 + 12 44 + 12 51+ 6
Type Il fiber (%) 49 + 12 56 + 12 49 + 6
Type | fiber SDH activity (A.U.) 38 +9 40 +£ 9 36 £9
Type Il fiber SDH activity (A.U.) 27 £ 9 29 + 8 26 + 9
VO, pk (L/min) 3.0+ 05 26+ 04 34 405"
AQ — AVO, (/min of blood per L/min 0,) 50+ 1.2 3.7 + 0.4 6.3 + 0.4

Values are mean + SD. BMI, body mass index; PAR, physical activity recall; MAP, mean arterial pressure; HR, heart rate; SV, stroke volume;
0, cardiac output; TVC, total vascular conductance; StO,, hemoglobin saturation; C,0,, arterial oxygen content; SDH, succinate dehydroge-
nase; A.U., arbitrary units; VO,pk, peak rate of oxygen consumption; Q — VO, increase in cardiac output required per increase in oxygen

consumption.

IStatistically significant difference between lower and higher cardiac responders, P < 0.05.

(Table 1). Both lower and higher cardiac responders did
not differ with respect to capillary density, type I and type
II fiber type composition, and type I and type II fiber
type specific SDH activity (all P > 0.1). Across all partici-
pants, there was no relationship between Q — VO, and
any of these variables (r = 0.15-0.25, P = 0.4-0.2; data
not shown). AMAP was not different between lower and
higher cardiac responders (all F tests P > 0.2; data not
shown). Contributing to the blunted AQ in lower respon-
ders, ASV was less than higher responders from 120 to
185 W (all P < 0.001, Fig. 4C), while 4HR was not dif-
ferent except for 160 W where it was greater (P = 0.04,
Fig. 4B). Across all participants, ASV was significantly
positively correlated with AQ at 120, 160, and 185 W (all
P < 0.001; data not shown) as was ATVC (all P < 0.001;
data not shown). AHR was not correlated with AQ (all
P > 0.3; data not shown).

Are interindividual differences in cardiac
output associated with skeletal muscle
oxygenation and perceived exertion?

Skeletal muscle (vastus lateralis) saturation (StO,) was
not different (all F tests P> 0.4; Fig. 5A). Across all

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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participants there was not relationship between Q — VO,
and AStO, at 120 W (P =0.3), 160 W (P =0.8) or
185 W (P = 0.8) (Fig. 5B-D). Lower responders had a
higher RPE; (17.5 £ 2.5 vs. 15.8 £ 1.5; P = 0.027) (data
not shown) and RPEywg (17 & 2.7 vs. 15.6 &+ 1.7;
P =0.03) at 185 W, but this was at a higher percentage
of peak VO, (185 W, 87 + 15% vs. 66 £ 12%,
P = 0.005).

The relationship between HR and RPE was similar
between higher and lower cardiac responders (data not
shown). Across all participants there was no relationship
between Q — VO, and RPE; at 120 W (P = 0.4), 160 W
(P=0.2) or 18 W (P=0.2) or RPEwg a 120 W
(P=0.7), 160 W (P = 0.5) or 185 W (P = 0.1).

Individual assessment of lower cardiac responders
demonstrated a greater computed Q redistribution
requirement compared to higher cardiac responders at
160 W (2.0 £ 0.8 vs. 0.1 £+ 0.3 L/min, P < 0.001) and
185 W (2.3 £ 1.6 vs. 0.3 = 0.6 L/min, P = 0.003) was
required in order to achieve exercising muscle C,0, that
was not different from higher responders where no redis-
tribution was required (all F tests P > 0.3). Computed
other tissue C,O, was lower in lower responders at
160 W (95 + 78 wvs. 150 £ 15 L O,/min, P = 0.04;

2018 | Vol. 6 | Iss. 2 | e13570
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*Statistically significant difference between lower versus higher cardiac responders P < 0.05.

Fig. 6). Across all participants, exercising muscle C,0,
was matched at each exercise intensity to higher cardiac
responders. This resulted in computed other tissue C,0,
that were plausible at all exercise intensities (all other tis-
sue C,0, > 50 mL O,/L; Table 2).

Functional impact of higher versus lower
cardiac responders

Higher and lower cardiac responders had similar AVO,
at each completed submaximal exercise intensity (all F
tests P > 0.1; data not shown). Higher cardiac responders
had a higher peak exercise intensity (295 4 40 vs.
217 £ 53 W; P = 0.001) (data not shown), a greater peak

2018 | Vol. 6 | Iss. 2 | 13570
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AQ (17.3 £ 2.3 vs. 11.0 & 2.0 L/min; P < 0.001) (data
not shown) and a greater peak VO, (48.8 + 3.9 vs.
39.2 + 6.2 mL/min per kg; P = 0.004) (data not shown).
There was also a significant relationship between
Q—-V0O, and peak exercise intensity (r = 0.61,
P < 0.001), peak AQ (r = 0.63, P < 0.001) and peak VO,
(r=0.5, P =0.006) assessed across all participants (data
not shown).

Discussion

The primary novel findings of the study were as follows:
(1) There was a considerable range in the Q — VO, rela-
tionship across individuals allowing for the identification

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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*Statistically significant difference between lower versus higher cardiac responders P < 0.05.

of lower and higher cardiac responders in our sample. (2)
Differences in SV accounted for Q — VO, responder
group differences, not C,0, or skeletal muscle properties.
(3) Interindividual differences in Q — VO, were not asso-
ciated with differences in exercising muscle oxygenation
or RPE.

These findings support the hypothesis that considerable
interindividual differences in the increase in Q for a given
increase in VO, exist among young healthy similarly
active males. However, they do not support the hypothe-
sis that individuals with lower Q — VO, would present
with reduced oxygenation and increased RPE. Instead,

2018 | Vol. 6 | Iss. 2 | 13570
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they suggest that in lower responders, greater vasocon-
striction in nonexercising tissue may compensate and
thereby protect exercising muscle O,D.

Interindividual differences in Q — VO,

Previous studies quantifying Q — VO, at the group level
generally report averages of 5-7 L of blood/min per L of
O,/min (Faulkner et al. 1977; Proctor et al. 1998; Adami
et al. 2014), although literature from the 1960s (Reeves
et al. 1961; Astrand et al. 1964) and 1980s (Yamaguchi
et al. 1986) have reported interindividual differences in Q

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 2. Lower cardiac responders computed cardiac output
redistribution.

Exercising

Exercise Q Redistribution  muscle C,0, Other tissue
intensity (W) (L/min) (mL Oy/L) C,0, (mL Oy/L)
40 0.2 65 152

80 0.5 58 149

120 1.4 52 136

160 3.6 52 51

185 3.3 44 84

Cardiac output redistribution at the group level at each exercise
intensity for lower cardiac responders and the associated other
tissue C,0, when exercising muscle C,0, is matched to higher car-
diac responders. Q, cardiac output; C,0,, venous oxygen content.

as great as 5-6 L/min at the same submaximal exercise
VO,. Summarizing within subject manipulations in C,0,
and their effects on Q — VO, (Adami et al. 2014) sug-
gests that Q — VO, differences are thought to reflect con-
stant systemic O,D under varying C,0,. To the best of
our knowledge there is one study exploring interindivid-
ual differences in [Hb] and submaximal Q (Freedson
1981). This work completed in women aligns with the
conclusions of (Adami et al. 2014) providing [Hb] is
between ~10 and 13.5 g/100 mL blood. However, [Hb]
greater than 13.5 g/100 mL blood appears unrelated to Q.
In this study, [Hb] ranged from 14.4 to 17.1 g/100 mL.
Our findings agree with and extend the findings of
(Freedson 1981) and refute the common assumptions that
interindividual differences in Q — VO, are simply a
reflection of compensation for differences in C,O,, and
that systemic O,D is tightly and similarly regulated across
healthy individuals.

During our progressive exercise test, we observed indi-
vidual Q — VO, responses ranging from 3.3 to 7.0 L of
blood/min per L of O,/min. This resulted in the post hoc
classification of what we termed lower and higher cardiac
responders, respectively. The 40-160 W exercise intensity
range was used to establish Q — VO, due to the use of
inert gas rebreathe and the inclusion of all participants.
Computed mixed venous oxygen content at a given VO,
was used to identify plausible (CvO, > 20 mL O,/L),
implausible (0 < C,0, <20 mL O,/L) and impossible
(C,0, <0 mL O,/L) values (Siebenmann et al. 2015).
This analysis revealed only one implausible value across
all Q measurements from rest to 160 W. This individual
was removed from the analysis. Therefore, we believe the
observed presence of large interindividual differences in
remaining Q — VO, can be interpreted with confidence.

The ASV was a strong predictor of Q — VO, across all
individuals and was significantly lower in the lower cardiac
responder group, whereas AHR was unrelated to Q — VO,

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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and not different between groups. We could not measure
specific parameters of cardiac function such as preload,
ventricular filling rate, or indices of contractility so we are
unable to definitively identify the reason for SV differences.
However, both -2 adrenergic receptor polymorphisms at
codon 16 (Arginine/Arginine vs. Glycine/Glycine) (Snyder
et al. 2006a) and density of cardiac -2 adrenergic recep-
tors (Snyder et al. 2006b) have been linked to interindivid-
ual differences in SV at the same VO, likely due to B-2
adrenergic receptors contribution to contractility. Similar
to our findings, differences in SV observed in these studies
were not offset by HR and therefore the Q response to
exercise was blunted with a lower SV.

It has also been demonstrated that an acute increase in
blood volume leads to increased SV in submaximal exer-
cise (Kanstrup and Ekblom 1982; Hopper et al. 1988;
Krip et al. 1997), although statistically significant
increases in Q were only observed by (Krip et al. 1997).
Measured effects of blood volume on maximal ventricular
filling rate (Krip et al. 1997) in exercise suggest the
potential for blood volume dependent pre-load differ-
ences influencing diastolic filling properties as another
possible explanation for our findings. Lastly, differences
in left ventricular volume determining the peak filling
capacity (and therefore the limits of SV) cannot be ruled
out. In summary, whether contractility, blood volume-
mediated cardiac filling, ventricular volume, or all three
explain our findings warrant future investigation.

Skeletal muscle oxygenation and RPE

In this study, we utilized NIRS to quantify skeletal muscle
oxygenation. NIRS is a surrogate measure of O,D:
demand matching as oxygenation represents the balance
between blood flow into the exchange vessels and extrac-
tion of oxygen by the tissues. Therefore, at the same VO,
greater oxygenation reflects relatively greater perfusion.
We observed A4StO, values ranging from —1% to —7%.
This magnitude of change aligns with previous cycling
exercise studies (Okushima et al. 2015; Hirai et al. 2017).

Contrary to our hypothesis, Q — VO, was not related
to exercising muscle oxygenation at any exercise intensity
whether assessed across all participants or compared
between responder groups. Consistent with this was the
absence of a relationship between Q- VO, and RPE
regardless of exercise intensity when assessed across all
participants. While analysis of lower versus higher respon-
der groups revealed an elevated RPE; and RPEwsp in
lower cardiac responders at 185 W, this represented a
higher %VO, peak in lower versus higher responders
(87 & 15% vs. 66 & 12%, P = 0.005) and this difference
likely explains the RPE difference. This interpretation was
confirmed across all participants as correlational analysis
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revealed that both RPE; and RPEyp at 185 W were sig-
nificantly negatively correlated with VO, peak (r = —0.5,
P =0.003 and r = —0.7, P < 0.001, respectively).

Implications for co-ordinated blood pressure
and oxygen delivery regulation

The lack of difference between responder groups in A4StO,
and AMAP indicates that the exercising muscle vasodila-
tion response for a given VO, was similar. However,
lower responders had a significantly lower ATVC with
increasing exercise intensity, and the ATVC was also
strongly correlated with AQ. Taken together, our findings
suggest lower and higher cardiac responder groups differ
in neural control determining the balance of central car-
diac and nonexercising tissue vascular responses in
defense of arterial blood pressure and exercising muscle
O,D: demand matching (Nobrega et al. 2014; Michelini
et al. 2015). Specifically, our findings suggest greater vaso-
constriction in nonexercising skeletal muscle and other
tissues (Armstrong et al. 1987; Mortensen et al. 2008;
Calbet et al. 2015) in order to regulate arterial blood
pressure in individuals with a lower Q — VO,.

This between-subject explanation aligns with previous
within-subject work by (Pawelczyk et al. 1992) during
submaximal cycling exercise. These investigators found
that a reduction in submaximal exercise Q via cardio-
selective B; adrenergic receptor blockade did not result in
a statistically significant decrease in exercising leg vascular
conductance, except at the highest work rate, where it
represented only ~35% of the reduction in systemic vas-
cular conductance. Thus, substantial vasoconstriction in
nonexercising tissue was the primary compensation for
reduced Q as part of combined arterial blood pressure
regulation and exercising muscle O,D: demand matching
in submaximal exercise.

To assess the feasibility of redistribution explaining the
findings in our study we estimated the degree of Q redis-
tribution at each exercise intensity with the constraint
that the exercising muscle StO, could not go below 15%
(Costes et al. 1996; MacDonald et al. 1999). Individually,
during exercise up to 185 W in lower cardiac responders,
a total of 24 out of 47 measures required Q redistribution
to maintain exercising muscle StO, at 15% while 7 out of
50 measures in higher cardiac responders required 0O
redistribution. In lower responders, only 3 out of 24
redistribution calculations resulted in an impossible level
of Q redistribution (with one participant heavily influenc-
ing the mean of other tissue C,O, at 185 W in Fig. 6C),
while all higher cardiac responder redistributions were
plausible. At the group level, we matched exercising mus-
cle C,O, in lower cardiac responders to higher cardiac
responders at each exercise intensity. We then computed
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the Q redistribution and other tissue C,0, required to
support this level of exercising muscle C,O,. This resulted
in plausible other tissue C,0, up to 185 W with an aver-
age of 3.6 and 3.3 L/min of available Q being redis-
tributed at 160 and 185 W, respectively (Table 2). This
analysis supports the plausibility of exercising muscle sat-
uration being maintained in lower cardiac responders
with Q redistribution.

Given that arterial blood pressure is a product of Q
and TVC, the question arises as to the origin of these
interindividual differences between lower and higher car-
diac responders. Does a reduced Q necessitate increased
reflex vasoconstriction of nonexercising tissue, or does
increased vasoconstriction constrain Q? The former would
be expected if, at the onset of an increased exercise inten-
sity, a blunted SV response led to a greater imbalance
between AQ and A peripheral blood flow. The resulting
compromise to arterial blood pressure would serve as a
greater stimulus for baroreflex-mediated vasoconstriction,
with functional sympatholysis protecting exercising mus-
cle O,D (Tschakovsky and Hughson 2003). O and total
peripheral blood flow would then stabilize at a lower level
for the same arterial blood pressure while exercising mus-
cle perfusion would be preserved. Whether the magnitude
of increase in Q at a given instant in the adjustment
phase to a new steady state determines such a peripheral
vasoconstrictor response remains to be determined.

The latter would be expected if an inherently greater
increase in sympathetic vasoconstriction was initiated
with exercise in the lower cardiac responder, such that it
blunted the increase in venous return. The importance of
peripheral dilation as a determinant of cardiac function
via venous return effects on SV has been demonstrated by
(Bada et al. 2012) who observed that cardiac pacing per
se cannot elevate Q, whereas vasodilator infusion in a
resting limb leads to large increases in limb blood flow
and concomitant increases in Q in large part due to ele-
vated SV. It is therefore plausible that greater early sym-
pathetic vasoconstrictor response to exercise in lower
versus higher responders could blunt venous return from
nonexercising tissue, thereby restricting the increase in Q.

In summary, it is difficult to ascertain whether a
blunted Q via cardiocentric SV limitations (i.e., not
related to peripheral vasodilation-mediated venous
return) leads to greater vasoconstriction, or whether
greater non-exercising tissue vasoconstriction leads to a
blunted Q. Thus, it is clear that there is a need for further
research to clarify cardiocentric versus peripherocentric
driven determinants of Q in exercise and their role in
interindividual differences in Q — VO,. Investigating tem-
poral aspects of the integrated responses during the tran-
sition to a new steady state would seem critical in this
regard.
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Experimental considerations

In the present investigation there are a number of
strengths that provide confidence in our observations and
subsequent data interpretations. The strengths of this
study include: (1) The reproducibility of the inert gas
rebreathe technique in our hands, which allows confi-
dence that interindividual differences in measured Q are
real. (2) The comprehensive evaluation of central and
peripheral characteristics of circulation and skeletal mus-
cle characteristics to provide an integrated picture of the
underlying physiological response. (3) The use of four
exercise intensities to improve confidence in slope param-
eter estimation of individual Q — VO,.

However, there are potential limitations that need to be
acknowledged. First, underestimation of Q can occur with
the inert gas rebreathe technique if the rebreathe period
extends into the time it takes for the insoluble gas to
recirculate into the pulmonary gas exchange site. This
recirculation can vary depending on size of an individual
(shorter for a smaller individual) and the VO, (shorter
for a higher VO,) (Becklake et al. 1962; Zeidifard et al.
1976; Cumming 1978). At a VO, of 3 L/min, recircula-
tion has been observed to occur in as little as 8.5 sec
(Rigatto et al. 1968; Sowton et al. 1968). We conducted
rebreathe measurements in which the participant was coa-
ched to maintain their normal breathing frequency and
tidal volume as hyperventilation has been shown to ele-
vate Q (Donevan et al. 1962; Cummin et al. 1986). In
our model, at 160 W Innocor rebreathing time was
12.5 + 1.9 sec. However, VO, was ~2.3 L/min and there-
fore recirculation was likely significantly slower than in
the above cited work. Most importantly there was no dif-
ference between groups in rebreathe duration at any exer-
cise intensity (all P > 0.5; data not shown), nor was there
a difference in body size. Therefore, it is highly unlikely
that recirculation explains differences in  Q — VO,
between lower and higher cardiac responders in our
healthy population without ventilation-perfusion abnor-
malities.

Second, NIRS provides an indirect assessment of perfu-
sion relative to metabolic demand and may underestimate
the magnitude of venous extraction (Costes et al. 1996;
MacDonald et al. 1999; Esaki et al. 2005). However, such
underestimation would be systematic and therefore con-
tribute equally to both responder groups. It is also impor-
tant to note the potential implications of fat mass,
influence of blood volume changes and the influence of
skin blood flow during prolonged exercise (for review see,
Ferrari et al. 2011). In the present study, lower and higher
cardiac responders did not differ with respect to body
mass index and presumably fat mass at the measurement
site, and exercise duration to 185 W was performed in a
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temperature controlled room so systematic group differ-
ences in skin blood flow are unlikely.

Third, RPE is a psycho-physiological manifestation of
exercise stress. As it is a self-reported measurement, this
subjectivity may mean it can vary between individuals
independent of actual physiological manifestations of
exercise. However, at the same time real life exercise tol-
erance is better reflected by RPE, as the decision to
reduce or stop exercising at a certain intensity is based
on how one “feels.” Furthermore, RPE has been shown
to be directly influenced by O,D in exercise (Eiken and
Bjurstedt 1987; Eves et al. 2002; MacNutt et al. 2015)
supporting its sensitivity to the parameter investigated in
this study. To ensure minimal interindividual variability
in the use of RPE, we read all participants the same
script explaining how they were to assess their RPE both
within the leg in isolation and as a whole body
assessment.

Finally, inability to assess specific parameters of cardiac
function limit definitive identification of the mechanism
of reduced SV, and therefore Q, in the lower responder
versus higher responder groups. However, this study was
not designed for that purpose and provides the first indi-
cation of important interindividual differences in the bal-
ance between central and peripheral responses to exercise.

Conclusion

During submaximal exercise we observed differences in
Q — VO, between individuals of up to ~4 L of blood/
min per L of Oy/min in healthy, young, recreationally
active males, allowing post hoc classification of individu-
als into lower and higher cardiac responders. These
groups did not differ with respect to C,0,, peripheral
skeletal muscle characteristics and, contrary to our
hypothesis, exercising skeletal muscle oxygenation. Across
all participants there was no relationship between
Q — VO, and RPE. These findings are consistent with a
greater degree of non-exercising tissue vasoconstriction
in lower responders which acts to redistribute blood
flow to the exercising muscle in order to support similar
eMBF at a lower Q. A blunted ASV was associated with
a reduced AQ in lower versus higher cardiac responders.
Careful investigation of the integrated cardiovascular
response during transition to steady state will be critical
for determining whether submaximal Q— VO, differ-
ences between individuals are driven by a cardiocentric
or a peripherocentric effect.
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