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ABSTRACT
Homestead, Eric Peter (Ph.D., Integrative Physiology)
SELECT FACTORS AFFECTING CYCLING ENERGETICS
Thesis directed by Associate Professor William C. Byrnes
The measurement of steady state oxygen consumption (V̇ O2) and carbon dioxide
production (V̇ CO2) are used to assess oxidative energy expenditure (EE) during exercise. The
quantification of EE is used to understand the interactions of body systems (e.g. skeletal muscle,
cardiovascular, and respiratory) during exercise as well as to classify cardio-respiratory health,
predict performance, prescribe training intensities, optimize pacing, manage nutrition, and
estimate EE. Although the energy demand for muscle force generation primarily determines EE,
other factors influence energetics during exercise, namely, whole-body efficiency (i.e. gross
efficiency, GE), thermoregulatory responses, prior exercise, and the intensity of the exercise bout
itself. The influence of these factors on EE impacts the quantification, interpretation, and
implementation of practical applications based on EE, which ultimately affects an individual’s
performance and overall health.
In Chapter II, we demonstrate that using power-specific GE values improves the accuracy
of estimating EE from mechanical power during cycling. In Chapter III, we demonstrate an
attenuation of the progressive increase in V̇ O2 and EE when cooling during 60 minutes of
cycling at an individual’s lactate threshold. In Chapter IV, we demonstrate that prior
supramaximal cycling transiently increases energetics during cycling intensities below the lactate
threshold. In Chapter V, we demonstrate that the linear relationship of V̇ O2 and EE to
mechanical power is increased above the lactate threshold during a graded cycling test.
Altogether, the results of these studies demonstrate that these select factors should be considered
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when quantifying EE and when developing and implementing practical applications based on the
quantification of EE. If not considered, this will likely compromise exercise performance and
may impair health.
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CHAPTER I
INTRODUCTION
During exercise that lasts longer than 2-3 minutes, the majority of the energy required for
muscle force generation is derived from oxidative sources (i.e. aerobic (oxidative) metabolism)
[21, 41]. The ability to measure the fractional concentrations of oxygen and carbon dioxide and
to measure the volume of gas exchanged with the environment allows for the quantification of
oxygen consumption (V̇ O2) and carbon dioxide production (V̇ CO2), which are consumed and
produced during cellular respiration [38]. From these measures the oxidative energy expenditure
(EE) can be calculated taking into consideration the substrate utilized [34]. This method of
quantifying EE (indirect calorimetry) revolutionized the field of physiology as a direct measure
of heat production (direct calorimetry) was no longer necessary [35]. Open circuit indirect
calorimetry provided a method to analyze energetics both in and outside a laboratory and also
expanded our understanding of energetics during exercise.
Being able to quantify the energy cost of aerobic exercise has numerous applications in
basic and applied sciences as well as in clinical settings. Quantifying EE is used to determine and
understand the interactions of metabolic, substrate, hormonal, thermoregulatory, and cardiorespiratory responses to exercise [7, 36]. Assessments of EE are used to classify an individual’s
cardio-respiratory health [14], to determine the primary predictors of endurance performance [5,
25], to predict race times [8, 24], to partition training intensity zones [9, 10, 14, 27], to monitor
and optimize pacing strategies [1, 12], and to estimate EE in and outside a laboratory [2, 3, 17,
25, 27]. The success of these applications not only impacts sports performance [1, 5, 19, 24, 31]
but also an individual’s overall health [3, 14, 31, 33]. Although the energy required for muscle
force generation primarily determines EE, other factors influence energetics during exercise.
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Thus, it is important to understand the impact of other factors that affect energetics during
exercise as this will complicate and confound the success of the practical applications mentioned
above which are based on the quantification of EE.
The focus of this dissertation is therefore on select factors known to influence energetics
during exercise, which include gross efficiency (or economy), thermoregulatory stress, prior
exercise, and the intensity of the exercise bout itself [4, 30, 37, 39, 40, 42]. Gross efficiency (GE,
the ratio of mechanical work to metabolic work) increases curvilinearly from low to high
mechanical power outputs [11, 13]. This is important since power output along with GE is used
to estimate EE during cycling both in and outside a laboratory [17, 27]. If this relationship is not
considered, EE will be underestimated at lower power outputs. In Chapter II, we demonstrate
that using an individual’s unique power-specific GE value provided the most accurate estimate
of EE from power during both constant and variable power cycling.
The attainment of a physiological steady state (i.e. a leveling off of EE once the energy
required for muscle force generation is met) at power outputs above the lactate threshold but
below an individual’s maximal V̇ O2 (V̇ O2max) is delayed or not possible [23]. Multiple factors
contribute to this phenomenon including a progressive rise in core body temperature (TC) [18,
30]. The effects of cooling—to blunt the rise in TC during exercise—on V̇ O2 are unclear, which
is likely due to differences in study design that confound the results [20, 22, 29, 30]. Therefore,
investigations maximizing the cooling effect at intensities known to prevent steady state are
warranted. In Chapter III, we demonstrate that cooling reduced the progressive rise in V̇ O2 and
EE during cycling at power outputs that prevent steady state.
Prior heavy exercise (above the lactate threshold (LT) but below maximal V̇ O2) has been
shown to increase V̇ O2 during subsequent exercise below the LT, which may relate to cardio-

2

respiratory fitness [15, 16, 40]. However, no study has examined the effects of prior
supramaximal exercise (above maximal V̇ O2) on the energetics of subsequent exercise intensities
below the LT. In Chapter IV, we demonstrate that prior supramaximal cycling transiently
increases energetics during subsequent cycling at multiple intensities below the LT regardless of
cardio-respiratory fitness or cycling background.
During graded exercise, the slope of the V̇ O2-power relationship above the LT has been
shown to increase, decrease, or remain unchanged [6, 32, 42]. In Chapter V, we demonstrate that
the V̇ O2-power and EE-power slopes are increased above the LT which may be related to
differences in the prescribed protocol.
The results of this dissertation provide evidence that the above select factors influence
energetics during cycling and should be considered when developing and interpreting
applications based on the quantification of EE. Not considering the influence of these select
factors on energetics will result in misinterpretation and/or inaccurate estimates of EE which
relate to performance and health.
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CHAPTER II
ESTIMATING ENERGY EXPENDITURE USING INDIVIDUALIZED POWER-SPECIFIC
GROSS EFFICIENCIES
Abstract
Purpose: Our purpose was to determine if using an individual’s power-specific gross efficiency
(GE) improves the accuracy of estimating metabolic energy expenditure (EE) from mechanical
cycling power. Methods: Thirty subjects performed a graded cycling test (GXT) to develop 4
GEs: individual power-specific GE, a group mean power-specific GE, individual fixed GE, and a
group mean fixed GE. Energy expenditure was estimated from power using these different GEs
and compared to measured EE during moderate- and hard-intensity constant-power and two
variable-power cycling bouts. Results: Estimated EE using individual or group mean powerspecific GEs were not different from measured EE across all cycling bouts (p > 0.05). To
examine the intra-individual variability of the estimates, absolute difference scores (ADS,
absolute value of estimated minus measured energy expenditure) were compared, where values
closer to zero represent more accurate individual estimates. The ADS using individual powerspecific GEs was significantly lower compared to the other GEs across all cycling bouts (p <
0.01). Significant and strong correlations (r ≥ 0.97, p < 0.001) were found across all cycling
bouts between estimated and measured EE using individual power-specific GE. Conclusion:
Using an individual’s power-specific gross efficiency significantly improves their energy
expenditure estimate across different power outputs.
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Introduction
Accurately estimating energy expenditure during exercise has important implications to
overall health and performance [22-24]. The energy expended during exercise is used to
calculate energy availability (dietary energy intake minus exercising energy expenditure) which
is considered a more useful metric than energy balance (dietary energy intake minus total energy
expenditure) [23]. Maintaining energy availability impacts an individual’s weight management
strategy and is critical for maintaining lean muscle mass, sustaining immune and reproductive
function, and optimizing performance [24]. Furthermore, making accurate assessments of
exercising energy expenditure can be an essential strategy for avoiding relative energy deficiency
in both female and male endurance athletes [22, 23, 27]. Altogether, the method used to estimate
energy expenditure for an individual—whether a competitive, endurance athlete or a
recreationally active individual—affects their weight management strategy, success in training
and competition, and, ultimately, overall health. Because of this, it is important to use methods
that accurately estimate an individual’s exercising energy expenditure (EE, kcal·min-1).
It is possible to accurately measure EE for an individual during aerobic physical activities
using indirect calorimetry. However, this requires equipment typically only found in laboratory
or clinical facilities and thus generally prevents direct field measurements of EE. Various ways
to estimate EE in the field have been developed, but each method has its own limitations [1].
Unique to the cycling community, mechanical power output and gross efficiency (GE) have been
used to estimate EE outside of the laboratory [16, 20, 26, 34]. GE is defined as the mechanical
power divided by the metabolic power [12]. This has become possible through the use of
bicycle-mounted power meters, which allow mechanical power to be accurately and precisely
measured in the field [4, 14, 15, 20, 21, 25].
5

An initial measure or assumption of GE is needed to estimate EE from mechanical power
output [7, 11, 12, 29, 31]. GEs of 20% and 25% have been used to estimate EE when a
laboratory-derived GE is not determined [2, 26, 34]. However, it is well documented that
individual mean GEs derived from graded exercise tests (GXTs) vary across individuals from
17.3% to 22.6% during typical cycling power outputs [7, 16, 21, 28, 29]. Considering this range,
utilizing an individual’s mean GE will improve the accuracy of estimating EE. Indeed,
Haakonssen et al. [16] demonstrated that a group mean GE of 19% in nine female National
Australian Team road cyclists accurately estimated the group mean EE during variable-intensity
cycling [16]. But the accuracy of estimating an individual’s EE was improved when using each
individual’s mean GE value (average GE value from four workloads) [16]. Despite the
improvement, using an individual’s mean GE still overlooks the changes in GE at different
power outputs.
It is clear that GE increases curvilinearly with increasing power output within individuals
[7, 11, 12, 29, 31]. At power outputs from 10 to 250 watts (W), GE has been shown to range
from 3.6 ± 0.5% to 22.6 ± 0.4% [29, 31]. At 50 W, Reger et al. [31] reported a group mean GE
of 13.7 ± 0.9%, lower than the fixed GE values typically used to estimate EE from power.
During cycling stage races, males and females spend significant time cycling below their lactate
threshold and at power outputs below 100 W [9, 10, 21]. Despite averaging higher power
outputs, Ebert et al. [10] reported that male cyclists spent 35.2%, 37.6%, and 33.1% of their time
below 100 W during the circuit, flat, and hilly portions of a multi-day stage race, respectively.
Likewise, Lim et al. [21] reported that male and female cyclists spent ≥ 50% of their time below
lactate threshold power outputs during circuit/road and criterium races. Neglecting to consider
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this relationship between GE and power at these lower power outputs will underestimate EE for
any athlete—competitive or recreational—using a bicycle-mounted power meter.
In their study, Haakonssen et al. [16] used individualized, linear power-specific GE
relationships (developed from four cycling intensities) to estimate EE. This improved the
accuracy of estimating EE during 10.5 minutes of variable-intensity cycling, however the linear
regression used by these authors does not best characterize the curvilinear GE-power relationship
from low to high power outputs [11, 12, 16]. Considering their results, it is important to examine
the accuracy of using an individualized, curvilinear GE-power relationship to estimate EE from
power, to include an assessment of EE during constant-power (constant-intensity) cycling, and to
investigate this approach in a more diverse population.
The aim of our study was to determine if estimates of EE characterized by a curvilinear
GE-power relationship using individual, power-specific GEs (GEI-PS) are more accurate than
using each individual’s GXT average GE (GEI), a group mean power-specific GE (GEG-PS), and
a group mean GXT average GE (GEG) during both constant- and variable-power cycling in
healthy, physically active males and females. The hypotheses of this study were: 1) compared to
group mean GEs, individual mean GEs will provide a more accurate estimate of EE from power
across all cycling bouts, and 2) using individual, power-specific GEs will provide the most
accurate estimate of EE from power across all cycling bouts in all subjects.
Methods
Subjects
Thirty healthy and physically active subjects from Boulder, CO, USA volunteered for the
study. All subjects were required to reside at an altitude of approximately 1625 m (5,331 ft) for
7

at least three weeks preceding the first visit and to remain at a similar altitude for the duration of
the study. Subjects exercised between 2.5 and 18.0 h·wk-1 meeting the 2011 American College of
Sports Medicine guidelines for being physically active [13]. There was no limit to maximum
exercise volume. The 30 subjects were comprised of 15 males (22.20 ± 3.57 yr, 74.3 ± 10.4 kg,
177.4 ± 7.8 cm, and 23.6 ± 2.5 kg·m-2) and 15 females (24.53 ± 5.25 yr, 64.8 ± 8.5 kg, 167.0 ±
6.7 cm, and 23.2 ± 2.5 kg·m-2). See Table 2-1 for additional subject characteristics. The subjects
included in this study varied in their cycling experience background; despite this, previous
research from our laboratory [19] and others [28, 29] has not found an acute learning effect of
cycling. Subjects completed a Physical Activity Readiness Questionnaire to confirm they had no
contraindications for participating in the study procedures. All subjects gave written informed
consent, which was obtained by a research investigator prior to participation. This project was
approved by the Institutional Review Board of the University of Colorado Boulder and
performed in accordance with the ethical standards outlined by Harriss and Atkinson [17].
Protocol
Subjects participated in 4 testing sessions on different days with at least 24 hours of rest
between sessions. The first session was a continuous GXT used to assess peak oxygen
consumption (𝑉𝑂# peak), power at lactate threshold (LT), and to determine the four GEs used to
estimate EE. The three other sessions were randomly assigned and consisted of two constantpower (CP) cycling bouts (same day) and two variable-power (VP) cycling bouts (separate days)
for a total of 4 experimental cycling bouts. Pulmonary oxygen consumption (𝑉𝑂# ), carbon
dioxide production (𝑉𝐶𝑂# ), ventilation (𝑉% ), and heart rate (HR) were measured continuously
during all cycling bouts. Subjects performed all testing sessions on either the laboratory isopower bicycle ergometer (Lode Excalibur, Groningen, Netherlands) or their own bicycle
8

equipped with our laboratory’s rear wheel based power meter (PowerTap, Madison, WI)
mounted on our laboratory’s electronically braked bicycle trainer (CompuTrainer RacerMate Inc,
Seattle, WA). Five subjects used their own bicycle, while 25 subjects used the laboratory bicycle
ergometer. Subjects completed all testing sessions using the same bicycle ergometer system in
our laboratory facility. The bicycle-mounted power meters utilized in this study have been
previously validated [14, 15]. A standard floor fan was used to cool subjects during the test
sessions. All tests were conducted at an altitude of 1625 m (5330 ft) at 21.0 ± 2.9 °C and 624.9 ±
4.4 mmHg.
Graded exercise test (GXT)
A ParvoMedics TrueOne 2400 open circuit indirect calorimetry system (Sandy, UT,
USA) was used to measure 𝑉𝑂# , 𝑉𝐶𝑂# , 𝑉% (BTPS), and respiratory exchange ratio (RER)
providing 15 sec averages for these measurements. EE was calculated from 𝑉𝑂# and RER [30].
Heart rate was measured continuously using a Polar chest strap (Polar Electro, Finland)
connected wirelessly to the Parvo Medics TrueOne 2400. Briefly, the GXT protocol began with
an initial blood lactate sample while the subject was seated on the bicycle ergometer. Subjects
then warmed up at a self-selected power output (between 20-70 W and lower than the starting
power output for the GXT) and cycling cadence for approximately 2-5 min. The initial power
output for the GXT was determined based upon the subject’s fitness level and training status
with the prescribed power outputs ranging between 50 and 100 W. Power output was increased
by 30 W every 4 min until volitional exhaustion or until the subject was unable to maintain
cycling cadence (decrease of 10 revolutions per minute, rpm). This resulted in subjects
completing between 5 and 9 stages. The average number of stages was 6.7 ± 1.7 with 23 out of
the 30 subjects completing more than 5 stages. During the last minute of each stage, a capillary
9

finger blood sample was collected to determine the lactate threshold. Subjects were encouraged
to go as long as possible during the GXT. Peak HR (HRpeak) was considered the highest 15-sec
average heart rate achieved during the test. 𝑉𝑂# peak was determined by averaging three
consecutive 15-sec values, including the highest 15-sec 𝑉𝑂# achieved during the test. Adjusted
maximal aerobic power (MAPadj) was calculated considering the time spent at the highest power
output [8].
Blood lactate analysis
For all capillary finger blood lactate samples, approximately 50 µL of whole blood were
drawn into a heparinized capillary tube from blood on the pricked finger. From this, 25 µL of
whole blood were transferred into a 500 µL microcentrifuge tube filled with a 50 µL buffer
solution containing a lysing agent (octylphenoxethanol) and glycolytic inhibitor (sodium-fluoride
anhydrous). The blood-buffer solution was vortexed and analyzed in duplicate using a YSI 2300
Stat Plus lactate analyzer (Yellow Springs Instruments Co., Inc. Yellow Springs, OH). Capillary
finger blood lactate samples not immediately analyzed were stored for up to 7 days at
approximately 4 ºC and then analyzed. To determine LT, individual subjects’ blood lactate
concentrations at each stage of the GXT were plotted against power output and a baseline blood
lactate concentration was determined by at least three trained research personnel. The power
output that occurred at 1 mM above the baseline blood lactate concentration was defined as LT
[6].
Gross efficiencies used to estimate energy expenditure from mechanical power
Gross efficiency values were calculated from the average EE during the last 2 min of
each 4 min stage during the GXT. The four different GE values were then used to estimate EE
10

from mechanical power output during the constant-power and variable-power cycling bouts. EE
estimates were calculated for each subject by using GEI-PS, GEG-PS, GEI, and GEG. Estimated EEs
were then compared to the measured EE during the constant-power and variable-power cycling
bouts. Power-specific GEs were developed from all the completed stages during the GXT using
2nd order polynomial regressions from the GE and power relationship. GEI-PS was calculated
from each individual’s unique GE-power 2nd order polynomial relationship as follows: 𝑦 =
𝑎 · 𝑥 # + 𝑏 · 𝑥 + 𝑐, where 𝑦 is GEI-PS, 𝑎 is the 2nd order coefficient, 𝑥 is power output, 𝑏 is the 1st
order coefficient, and 𝑐 is a constant. The mean R2 for this curvilinear relationship was 0.98 ±
0.03. There were no differences between the 2nd order polynomial relationships developed using
all completed GXT stages and those developed using only the stages below LT (p > 0.05), thus
we used the prior method. GEG-PS was determined by calculating mean values of each coefficient
(𝑎, 𝑏, and 𝑐) for the group. GEI was calculated for each individual as the mean GE across all
completed GXT stages. GEG was calculated by averaging GEI across all subjects. The four GEs
were then used to estimate EE during the CP and VP cycling bouts as follows: 𝐸𝐸 = 𝑥 ·
0.01434/𝑦, where 𝑥 is the mechanical power output, 0.01434 is the conversion factor from
power in watts to EE in kcal·min-1, and 𝑦 is the GE used (GEI-PS, GEG-PS, GEI, or GEG). GE was
estimated at each specific power output for the power-specific GEs (GEI-PS and GEG-PS). This
unique GE value was then used to estimate EE at that power output. During the variable-power
cycling bouts, EEs were estimated at the different power outputs (using GEI-PS and GEG-PS) and
adjusted for the time spent at each workload in order to estimate the total EE.
Constant-power cycling bouts
During one testing session, subjects performed two constant-power cycling bouts.
Subjects cycled for 6 min at a moderate intensity (CPM) and then 6 min at a hard intensity (CPH)
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with a 6-min rest interval between the bouts [13]. These prescribed intensity domains follow the
guidelines set forth by Garber et al. [13] of 64-76% (CPM) and 77-95% of HRmax (CPH). The
actual relative intensities for this study are found below in the Results section. Subjects cycled at
the same self-selected cycling cadence chosen during the GXT. Subjects were allowed to remain
on the bicycle ergometer and/or dismount and consume water between CPM and CPH. The
recorded EE during the last 2 min of each constant-power cycling bout was averaged to
determine each subject’s steady state measured EE. The estimated EEs were derived from power
using the four different GEs and then compared to measured EE.
Variable-power cycling bouts
During two separate testing sessions, subjects performed the variable-power cycling
bouts at power outputs above, at, and below the LT. Four different intensities were determined
from the GXT based upon a percent of the subject’s LT: 75%, 100%, 115%, and 125%. During
the VPA cycling bout, subjects cycled for a total of 30 min, performing five sets of 2 min at 75%
LT, 2 min at 100% LT, and 2 min at 115% LT with no rest between intensities. For the VPB
cycling bout, subjects cycled for a total of 31 min, performing seven sets of 3 min at 75% LT and
1 min at 125% LT with no rest between intensities and ending with an additional 3 min at 75%
LT. These cycling bouts were designed to examine the ability of using the four GEs to estimate
EE during non-steady state conditions. Subjects cycled at the same self-selected cycling cadence
chosen during the GXT. Measured EE for each subject was calculated by averaging the recorded
EE from each 15-s sampling epoch over the entire duration of the variable-power cycling bouts.
Estimated EE was calculated from power using the four GEs (corrected for the time spent
cycling at each power output) and then compared to measured EE.
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Calibration
The indirect calorimetry system was calibrated before each testing session. Gas fractions
were calibrated with a primary standard gas mixture within a physiological range (16.01%
O2 and 4.01% CO2). The volume was calibrated using a 3-L syringe at five distinct flow rates
within an expected range of the study protocol. Calibration was considered to be complete when
the recorded low and high volumes were within 3% of the calibration volume and gas fractions
were ± 0.02% of the primary standard gas mixture. If the subject was tested on their own bicycle,
the PowerTap power meters were zeroed at zero torque while pedals were stationary and
unloaded as recommended by the manufacturer. The typical error of 𝑉𝑂# measurements in our
lab has previously been determined to be 0.052 L·min-1 (95 % CI: 0.045 – 0.058 L·min-1) or
2.3% across power outputs of 90 to 240 W [19], comparable to what others have reported [3, 5,
33]. The YSI 2300 Stat Plus lactate analyzer was calibrated against a standard solution before
sampling blood lactate as well as every 5 samples or 15 min.
Statistics
𝑉𝑂# was a primary outcome variable and was used to calculate the required sample size
of 30 to detect a 1.7% change in 𝑉𝑂# with a power value of 80% (b = 0.2) and a 5% Type I error
rate (a = 0.05) [18]. This was based on a 2.3% typical error of our indirect calorimetry system
across mechanical power outputs [19]. Sex differences were compared with an independentsamples t-test using Microsoft Office Excel 2010 (Microsoft Corporation, Redmond, WA).
Additional statistical analysis was run using IBM SPSS Statistics version 21 (IBM Corporation,
Armonk, New York). Main effects in measured and estimated EEs were analyzed using a linear
mixed model structured as compound symmetry-heterogenous for each cycling bout. Covariance
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structure was selected based on -2 Restricted Likelihood. Pearson correlation coefficients with
95% confidence intervals comparing measured to estimated EEs were analyzed. Additionally, in
order to compare the errors associated with each individual’s estimated EE, the absolute
difference score (ADS) was calculated by taking the absolute value of the difference between
each individual’s estimated and measured EE: ADS = | estimated EE - measured EE |. The ADSs
were analyzed using the same linear mixed model structure as stated above. One female was not
able to complete VPB within the testing period so her data was not included for that cycling bout.
Values are reported as mean and standard deviation (mean ± SD). The level of significance is p =
0.05 unless stated otherwise.
Results
Power outputs and energy expenditures during the cycling bouts
The average power output during CPM was 127.4 ± 30.9 W (49% of mean MAPadj),
which resulted in relative intensities of 70 ± 3% (range: 64-79%) HRpeak and 54 ± 6% (range: 4366%) 𝑉𝑂# peak, and a measured EE of 8.41 ± 1.92 kcal·min-1. The average power output for CPH
was 190.1 ± 45.7 W (74% of mean MAPadj), which resulted in relative intensities of 83 ± 3%
(range: 79-90%) HRpeak and 74 ± 4% (range: 66-83%) 𝑉𝑂# peak, and a measured EE of 11.74 ±
3.04 kcal·min-1. Power outputs (W) during VPA were 132.8 ± 34.7, 177.4 ± 45.7, and 203.4 ±
52.3, with relative intensities of 52%, 69%, and 79% of mean MAPadj, respectively. Average
measured EE across the three different power outputs over 30 min for VPA was 10.57 ± 2.73
kcal·min-1. During VPB, power outputs (W) were 131.3 ± 37.9 and 220.6 ± 60.1, which reflects
51% and 86% of mean MAPadj, respectively. The averaged measured EE across the two different
power outputs over 31 min for VPB was 9.89 ± 2.62 kcal·min-1.
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RER was below 1.00 for all subjects during CPM. During CPH, RER exceeded 1.00 in
four of the 30 subjects. Of these four subjects, only two subjects demonstrated an RER greater
than 1.00 for more than half of the 15-s epochs from the 2 min of data analyzed. During VPA,
RER exceeded 1.00 for 12 ± 11% of the 30 min cycling bout in nine subjects. During VPB, RER
exceeded 1.00 for 13 ± 10% of the 31 min cycling bout in six subjects.
Estimated EEs using GEI-PS and GEG-PS were not significantly different from measured
EE across all cycling bouts (p > 0.05). Estimated EEs were significantly higher than measured
EE during CPH using GEI (12.39 ± 3.42 vs. 11.74 ± 3.04 kcal·min-1; p < 0.05), during VPA using
GEI (11.07 ± 3.02 and 10.96 ± 2.83 kcal·min-1; p < 0.05), and during VPA when using GEG
(10.57 ± 2.73 kcal·min-1; p < 0.05). A trend (p = 0.07) was observed indicating that estimated EE
during CPH using GEG was higher than measured EE (12.17 ± 2.93 vs. 11.74 ± 3.04 kcal·min-1).
Individual error of estimating energy expenditure during the cycling bouts
Although the mean estimated EEs determined from the four GEs were not always
significantly different, the degree of estimation error depended on the specific GE used.
Significant (p < 0.001) correlations between estimated and measured EEs were found using all
four GEs for all cycling bouts (Table 2-2). However, using GEI-PS to estimate EE resulted in the
strongest correlations across all cycling bouts (r ≥ 0.97). Only when using GEI to estimate EE
during the VP cycling bouts were the correlations similar to those using GEI-PS. To further
examine the variability of the estimated EEs, the ADS between measured and estimated EEs
were compared. The ADS of the estimated EE when using GEI-PS was compared to the ADS of
the estimated EE when using GEG-PS, GEI, and GEG (Figure 2-1). An ADS closer to zero
represents no difference between the measured EE and the estimated EE and therefore represents
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a more accurate estimate for the individual. The ADS using GEI-PS was significantly lower
compared to the ADSs using GEG-PS, GEI, and GEG during CPM (0.36 ± 0.36 vs. 0.83 ± 0.99,
0.63 ± 0.74, and 0.84 ± 1.16 kcal·min-1; p < 0.01) (Figure 2-1). The ADS during CPH using GEIPS was

also significantly lower compared to the ADSs using GEI and GEG (0.65 ± 0.55 vs. 1.01 ±

0.93 and 1.34 ± 1.39 kcal·min-1, respectively; p < 0.01) with a trend using GEG-PS (1.01 ± 1.44
kcal·min-1; p = 0.06) (Figure 2-1). During VPA, the ADS using GEI-PS was significantly lower
compared to the ADSs using GEG-PS and GEG (0.50 ± 0.50 vs. 1.01 ± 1.08 kcal·min-1 and 1.16 ±
0.83, respectively; p < 0.05). Similar results were found during VPB where the ADS using GEI-PS
was significantly lower compared to the ADSs using GEG-PS and GEG (0.49 ± 0.41 vs. 0.97 ±
1.18 kcal·min-1 and 1.01 ± 1.08, respectively; p < 0.05). No significant differences in the ADSs
were found between using GEI-PS and GEI during VPA and VPB (Figure 2-1).
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Table 2-1. Individual and group (mean ± SD) subject characteristics from the graded exercise
test.
Subject

Sex

Mass
(kg)

V̇ O2peak
(mL·kg-1·min-1)

MAPadj
(W·kg-1)

LT
(W·kg-1)

HRpeak
(beats·min-1)

GEI
(%)

GE range
(%)

1

M

76.5

41.5

3.1

2.2

176

21.3

17-23

2

M

75.9

56.9

4.5

2.9

197

22.4

15-25

3

M

90.3

47.4

3.3

1.9

184

15.9

12-20

4

M

71.2

51.7

4.2

2.6

201

21.4

17-24

5

M

71.4

53.5

4.8

3.2

167

24.1

20-26

6

M

65.9

59.6

5.2

4.3

165

25.9

22-28

7

M

76.7

52.0

4.3

2.9

194

21.8

14-25

8

M

70.5

34.9

3.4

2.1

176

23.9

20-26

9

M

60.3

42.5

3.5

1.9

189

22.5

18-24

10

M

67.7

47.1

4.1

2.8

183

22.6

17-25

11

M

66.4

43.8

4.2

2.7

173

24.0

19-26

12

M

73.2

54.2

4.0

2.7

180

22.6

20-25

13

M

72.2

69.4

4.4

3.2

190

17.5

15-19

14

M

72.3

57.9

4.6

3.0

192

21.4

17-23

15

M

103.2

41.4

3.2

2.1

171

22.4

16

F

59.7

51.8

3.8

2.7

163

20.1

18-24
18-21

17

F

63.6

56.5

4.4

3.5

183

21.1

18-22

18

F

64.0

46.1

3.2

1.9

192

18.2

15-21

19

F

83.4

32.6

3.2

1.9

190

23.1

17-26

20

F

49.5

41.9

4.9

2.5

195

28.0

22-30

21

F

64.5

32.6

3.3

2.1

165

25.2

21-28

22

F

69.9

42.6

4.0

2.8

195

22.8

16-25

23

F

62.3

38.8

2.9

2.0

187

20.6

18-22

24

F

66.3

44.2

4.2

3.1

177

25.1

20-27

25

F

69.4

33.0

3.0

1.2

196

22.4

17-26

26

F

76.4

39.0

3.5

2.7

171

23.1

16-26

27

F

53.6

40.1

3.7

2.1

167

22.6

17-26

28

F

66.4

44.7

4.4

2.6

188

23.1

15-26

29

F

56.5

54.9

4.6

2.6

183

22.0

17-25

30

F

67.0

45.9

4.0

2.9

179

25.1

21-27

Group

69.5±10.5

46.6±8.9

3.9±0.6

2.6±0.6

182±11

22.4±2.4

Male

74.3±10.4*

50.3 ± 8.9*

4.1±0.6

2.7±0.6

183±11

22.0±2.5

Female

64.8±8.4

43.0±7.5

3.8±0.6

2.4±0.6

182±11

22.8±2.4

M, male; F, female; V̇ O2peak, peak oxygen consumption; MAPadj, adjusted maximal aerobic
power; LT, power at lactate threshold; HRpeak, peak heart rate; GEI, mean gross efficiency across
completed GXT stages; GE range, range of gross efficiency values across power outputs.
* Significantly higher than female (p < 0.05).

17

Table 2-2. Pearson correlation coefficients (r value) with 95% confidence intervals comparing
the estimated exercising energy expenditures of all subjects to their measured exercising energy
expenditures for each of the four gross efficiencies across all cycling bouts. All comparisons
were significantly correlated (p < 0.001).
Gross
efficiency
GEI-PS

Constant-power
moderate
0.97 [0.94, 0.99]

Constant-power
hard
0.97 [0.94, 0.99]

Variable-power
A
0.97 [0.94, 0.99]

Variable-power
B
0.98 [0.96, 0.99]

GEG-PS

0.74 [0.52, 0.87]

0.83 [0.67, 0.92]

0.85 [0.71, 0.93]

0.82 [0.65, 0.91]

GEI

0.90 [0.80, 0.95]

0.94 [0.88, 0.97]

0.99 [0.98, 1.00]

0.98 [0.96, 0.99]

GEG

0.74 [0.52, 0.87]

0.80 [0.62, 0.90]

0.88 [0.76, 0.94]

0.85 [0.71, 0.93]

GEI-PS, individual power-specific gross efficiency; GEG-PS, group mean power-specific gross
efficiency; GEI, individual mean gross efficiency; GEG, group mean gross efficiency.

18

Figure 2-1. Comparison of absolute difference scores (ADS) across cycling bouts (mean ± SD).
GEI, GEG, and GEG-PS were compared to GEI-PS. The mean ADS for GEI-PS was closest to zero
across all cycling bouts. GEI-PS, individual power-specific gross efficiency; GEG-PS, group mean
power-specific gross efficiency; GEI, individual mean gross efficiency; GEG, group mean gross
efficiency.
*Significantly lower than GEI, GEG, and GEG-PS (p < 0.01).
† Significantly lower than GEI and GEG (p < 0.05).
‡ Significantly lower than GEG and GEG-PS (p < 0.05).
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Discussion
Power-specific gross efficiencies as a method for estimating energy expenditure
The unique contribution of our protocol was centered on determining if individual,
power-specific GEs provide a more accurate estimate of an individual’s EE than using a single,
fixed GE. This is logical since GE increases along with mechanical power output in a curvilinear
profile [11, 12, 31]. To our knowledge, this is not considered when estimating EE from power.
Group mean GEs from the literature can be used to estimate EE from power; however, at lower
power outputs, this will result in an underestimate of EE. For example, using the group mean GE
of 22% during a bicycle race as reported from Lim et al. [21] results in an estimated EE of 3.26
kcal·min-1 at 50 W. Yet Reger et al. [31] demonstrated a group mean GE of 13% at 50 W. Using
this lower GE calculates a 69% higher estimated EE of 5.52 kcal·min-1 compared to using a GE
of 22% at 50 W. Extrapolating these EEs over 60 min results in a 135 kcal difference (41%
underestimate) if a GE of 22% is used versus the more appropriate GE of 13%. Using individual
mean GEs would minimize the error in estimating an individual’s EE from power, but this still
does not take into consideration the changes in GE at different power outputs. The results of our
study confirm this: using an individual, power-specific GE provides a more accurate estimate of
EE during constant- and variable-power cycling and reduces the variability about the group mean
estimated EE. This method then provides a more accurate estimate of an individual’s EE from
power.
Haakonssen et al. [16] previously reported that estimating EEs using individual mean
GEs more accurately predicts measured EEs during variable-intensity cycling compared to using
group mean GEs. The authors additionally found no difference between the measured and group
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mean estimated EE when using the best individual GE-power linear relationship [16]. However,
the variability about the group mean estimated EE, as assessed by the range of residuals, was not
reduced compared to using the individual mean GE [16]. This demonstrates that using an
individual’s best GE-power linear relationship does not enhance the estimation of EE from
power during variable-intensity cycling. The difference between measured and estimated EE
using their power-specific GE can be attributed to the fact that GE increases with increasing
work rates curvilinearly and not linearly. Our results demonstrate reduced variability about the
group mean estimated EE when using individual, curvilinear, power-specific GEs. This equates
to reduced error when estimating EE for an individual (i.e. a more accurate estimate) and
therefore is the superior GE to be used when estimating EE during both constant- and variablepower cycling bouts.
Comparing individual mean and individual, power-specific gross efficiencies
We hypothesized that individual, power-specific GEs would provide the most accurate
estimate of EE during both constant- and variable-power cycling bouts. However, this only
proved to be true during the constant-power cycling bouts. During the variable-power cycling
bouts, using individual mean GEs also resulted in accurate estimates of an individual’s EE
(Table 2-2 and Figure 2-1). This suggests that using either GEI-PS or GEI provides an accurate
estimate of EE for an individual during variable-power outputs. However, note the larger
standard deviations of the ADS using GEG-PS, GEI, and GEG when compared to using GEI-PS
during the constant-power cycling bouts (Figure 2-1). Additionally, the accuracy of estimating an
individual’s EE is likely affected by the average power output during variable-power cycling.
Considering the curvilinear GE-power relationship, there comes a point where the relationship
plateaus; differences in average power output are thereafter associated with small changes in GE
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and therefore small differences between measured and estimated EE, even if GE is fixed. Thus,
an average power output may provide an accurate estimate of EE if associated with its
appropriate fixed GE. Because of this, the power outputs during VPA and VPB (171.2 ± 44.2 and
153.7 ± 43.5 W, respectively) may occur close to this plateau and therefore within a range where
using a higher, fixed GE across different power outputs results in small changes between
measured and estimated EE. However, if the average power output decreases, the fixed GEI will
then begin to underestimate EE, and the magnitude of this underestimate will increase with
decreasing power output. Conversely, using GEI-PS will adjust according to changes in power
output avoiding this issue and continue to accurately estimate EE for an individual.
Estimating energy expenditure at lower mechanical power outputs
Differences between measured and estimated EE are greater at lower mechanical power
outputs when using fixed GEs, even if developed for an individual. To further examine this, we
analyzed a subset of the subjects (n = 8) who all began the GXT at 60 W (23% MAPadj).
Estimated EE using the four GEs was compared to the measured EE at this power output. When
using GEI-PS, there was no significant difference between the measured and group mean
estimated EEs (p = 0.852) (Figure 2). However, using the power-specific GEG-PS resulted in a
significant overestimate of EE, while using the fixed GEI and GEG resulted in significant
underestimates of EE when compared to measured EE (p < 0.05) (Figure 2-2). This further
demonstrates the enhanced ability to estimate an individual’s EE from low to high power outputs
using an individual, power-specific GE.
Estimating energy expenditure during the variable-power cycling bouts
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During the variable-power cycling bouts, non-steady state values were included in the
analysis of measured EE. It is recognized that measuring EE using indirect calorimetry will not
account for non-oxidative energy contributions. However, it seemed possible that the estimated
EE from power (total mechanical EE) during non-steady conditions over time will reflect the
total measured EE. Interestingly, the results from this study demonstrate no significant
differences between measured and estimated EE using individual, power-specific GEs when the
total time of the variable-power cycling bout is considered. Oxygen uptake kinetics lag behind
changes in mechanical energy demand [32]. During VPA, subjects transitioned from 2 min of
cycling at 115% LT to 2 min of cycling at 75% LT four times. Analyzing these four 2-min
periods at 75% LT revealed that the mean 𝑉𝑂# and EE were significantly higher (p < 0.01)
during the first 30 s (2.51 ± 0.02 L·min-1 and 11.42 ± 0.14 kcal·min-1, respectively) compared to
the last 30 s (2.00 ± 0.09 L·min-1 and 9.36 ± 0.10 kcal·min-1, respectively). Similar significant
results were found during VPB. In other words, there is an initial, excess 𝑉𝑂# and EE after
descending from higher to lower power outputs; this may compensate for the unmeasured energy
contributions from non-oxidative pathways during the lag time of 𝑉𝑂# when transitioning from
lower to higher power outputs. This likely explains why there were no differences between
measured and estimated EEs when analyzed across all time points during the variable-power
cycling bouts. This suggests that an individual’s EE during variable-power cycling may be
estimated using an individual, power-specific GE.
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Figure 2-2. Comparison of exercising energy expenditures (EE) at 60 W during the graded
exercise test (mean ± SD). Estimated EE using GEG-PS, GEI, and GEG were significantly different
(p < 0.01) than measured EE. Significant (p < 0.01) correlations for GEI-PS and GEI are 0.98 and
0.85, respectively. GEI-PS, individual power-specific gross efficiency; GEG-PS, group mean
power-specific gross efficiency; GEI, individual mean gross efficiency; GEG, group mean gross
efficiency.
*Significantly different than Measured (p < 0.01).
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Conclusion
This study demonstrates the most accurate method of estimating energy expenditure
during constant- and variable-power cycling is to use an individual, power-specific GE,
characterized by the curvilinear GE-power relationship. An individual’s power-specific GE can
be developed from a single graded exercise test and be used to better estimate their energy
expenditure across a wide range of power outputs. To apply this in the field, a customized
spreadsheet or algorithm programmed into the microprocessor associated with the bicyclemounted power meter could be used to calculate EE across a range of mechanical power outputs.
This method may help to optimize energy availability and reduce the likelihood of becoming
energy deficient, which is related to performance and overall health in both men and women.
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CHAPTER III
BENEFICIAL EFFECTS OF COOLING DURING CONSTANT POWER NON-STEADY
STATE CYCLING
Abstract
Purpose: This study compared the effects of cooling on the energetic and associated
physiological and perceptual responses to constant power, non-steady state cycling. Methods:
Twelve males cycled at their lactate threshold power for 60 min or until exhaustion under three
conditions: wearing a cooling vest and sleeves (COOL), a synthetic shirt embedded with an
active particle technology that purports to facilitate evaporative heat loss (EVAP), and a standard
synthetic shirt (CON). Results: When adjusted for time, the increase in gastro-intestinal
temperature from baseline was reduced during COOL and EVAP compared to CON (1.44 ± 0.45
and 1.52 ± 0.43 vs. 1.66 ± 0.45 ˚C, p < 0.05). Sweat rate was reduced during COOL compared to
EVAP and CON (1,312 ± 331 vs. 1,525 ± 393 and 1,550 ± 548 mL·h-1, p < 0.01). Gross
efficiency decreased over time across conditions (p < 0.01), but COOL attenuated this decrease
by 22% compared to CON (p < 0.05). The rating of perceived exertion was reduced during
COOL and EVAP compared to CON (p < 0.01). Conclusions: Cooling using a vest and sleeves
or wearing an active particle technology shirt reduced the rise in gastro-intestinal temperature
and rating of perceived exertion compared to a standard synthetic shirt. Cooling using a vest and
sleeves also reduced the decrease in gross efficiency and sweat rate compared to wearing the
standard synthetic shirt.
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Introduction
During constant power exercise at intensities above the lactate threshold break point and
below peak oxygen consumption (𝑉𝑂# peak), the attainment of steady state physiological
conditions is either delayed or unachieved [22, 38, 40, 49]. In thermocomfortable conditions [21]
within this intensity domain, oxygen consumption (𝑉𝑂# ), ventilation (𝑉% ), heart rate (HR), and
blood lactate concentration ([lactate]) progressively increase even though the mechanical energy
demand (or mechanical power output) is constant [4, 14, 37, 38, 41]. This increased metabolic
rate results in an increased production of internal heat. If the overall heat load (internal and
external) is greater than the body’s ability to dissipate heat, then core body temperature (TC) will
also progressively increase [4, 14, 37, 38]. Therefore, it is possible that cooling during exercise
within this intensity domain may reduce the rise in TC and also diminish the expected increases
in other physiological parameters (e.g. 𝑉𝑂# , 𝑉% , HR, and blood [lactate]). Additionally, such
responses may also attenuate other thermoregulatory and perceptual parameters (e.g. sweat rate,
thermal sensation, and rating of perceived exertion). The practical applications to attenuating
these parameters relate to improved exercise performance/tolerance [8, 13, 22, 31-35, 46].
Although literature exists examining cooling during exercise (see reviews [2, 48]),
coming to a consensus on how this effects TC and the other physiological parameters of interest
is difficult due to the different cooling methods, exercise testing protocols, and parameters
measured [10, 13, 15, 18, 20, 26, 27, 43, 47]. Studies have examined cooling during exercise at
intensities that might fall within the intensity domain defined above, but not all cooling methods
were successful in reducing TC [10, 15, 20, 26, 43, 47]. Of the studies that did reduce TC, three
employed water perfused suits or ice-vests reducing esophageal [13] and rectal temperature [18,
27], while the other cooled the palm of the hand in combination with negative pressure which
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reduced tympanic temperature [20]; however, a more recent study that cooled the palm with
negative pressure found no change in gastro-intestinal temperature [43]. Furthermore, the
majority of these studies tested in warm/hot and humid environments (30-32 ˚C and 40-80%
RH), which impedes the body’s ability to dissipate the internal heat load generated from exercise
[10, 13, 15, 18, 20, 26, 47]. Therefore, to successfully manipulate TC and minimize other
confounding variables, we sought to provide a direct and continuous cooling method over a large
surface area using a water perfused suit in a thermocomfortable environment.
Although a water perfused suit can be used to effectively examine the effects of cooling
during exercise, this method has limited practical applications. An alternative method to reduce
the rise in TC is to augment the body’s thermoregulatory response, for example enhancing
evaporation through sweating. This could be accomplished through wearing clothing designed to
facilitate evaporation [9]. Although popular in recreational activities and sports, synthetic
clothing does not appear to affect thermoregulation or performance compared to natural fabric
clothing in warm and hot environments (see reviews [9, 11]). Recently, synthetic fabric garments
have been marketed with an “active particle technology” embedded into the fiber yarn. It is
claimed that these active particles will facilitate evaporative heat loss by being hydrophilic and
by increasing the surface area for evaporative heat loss. It is also claimed that this fabric is able
to absorb infrared radiation (i.e. heat) which may further enhance the evaporative capacity of the
fabric. This study was not designed to test these claims in determining the heat transfer dynamics
of this fabric, but to determine if the claimed properties result in measurable thermoregulatory
and energetic changes during exercise. Such fabric properties should be able to aid in the body’s
thermoregulatory response during exercise, but to our knowledge no study has compared
physiological responses in garments with and without this technology during exercise.
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Thus, our aim was to examine the energetic and associated physiological responses
during constant power, non-steady state cycling while wearing an ice-cooled water perfused vest
and sleeves, an active particle technology synthetic shirt, and a standard synthetic shirt. This was
examined in thermocomfortable conditions with no fluid replacement in well-trained, endurance
athletes. The hypotheses of this study were: 1) that cooling using the ice-cooled water perfused
vest and sleeves would attenuate the increases in TC, 𝑉𝑂# , and associated physiological
responses compared to the shirt conditions, and 2) that the active particle technology synthetic
shirt would attenuate the increases in TC, 𝑉𝑂# , and associated physiological responses compared
to wearing the standard synthetic shirt, but result in smaller reductions compared to using the icecooled water perfused vest and sleeves.
Methods
Subjects
Twelve male subjects participated in this cross-over study. The subjects (25.6 ± 5.9 years,
180.7 ± 8.2 cm, 76.0 ± 9.6 kg, 23.3±2.9 kg·m-2) were aerobically training for more than 8 h·wk-1.
Participants were recruited from competitive cycling (n = 8) and triathlon (n = 4) teams/clubs in
the local area. This subject population was chosen as they could maintain a high power output
for a given body mass, stressing the body’s thermoregulatory response and resulting in
significant increases in TC. All subjects were required to reside at an altitude of approximately
1625 m (5,331 ft) for at least three weeks preceding the first visit and to remain at a similar
altitude for the duration of the study. The subjects participated in this study after providing their
written, informed consent. This study was approved by the Institutional Review Board of the
University of Colorado Boulder and performed in accordance with the ethical standards outlined
by Harriss and Atkinson [17].
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Study design
Subjects reported to the Applied Exercise Science Laboratory six times. They were
instructed to report 2-hour post-prandial to all visits. They were also instructed to refrain from
consuming stimulants (e.g. caffeine) 2 hours prior to all visits and to refrain from consuming
alcohol 24 hours prior to all visits. Visit 1 consisted of a graded exercise test to determine peak
𝑉𝑂# (𝑉𝑂# peak), power at 𝑉𝑂# peak (peak power output, PPO), power at lactate threshold (LT), and
gross efficiency (GE). Visit 2 and 6 consisted of the determination of each subject’s total
hemoglobin mass (Hbmass). This was performed before and after the experimental conditions to
ensure that Hbmass remained stable. Stability of Hbmass is important since this measure was used
determine changes in extra- and intravascular fluid changes during experimental conditions.
Hbmass was used together with pre- and post-exercise hematocrit (Hct) and hemoglobin
concentration ([Hb]) to calculate blood volume (BV), plasma volume (PV), and red cell volume
(RCV), in order to examine the intravascular fluid compartment volumes before and after each
experimental condition. Visits 3, 4, and 5 were the experimental conditions. Subjects were asked
to cycle for 60 min at their power at LT under the three conditions. The order of visits 3, 4, and 5
were balance ordered and separated by at least 48 hours.
To examine the effects of cooling on physiological responses during cycling, a
comparison was made between wearing an ice-cooled water perfused vest and sleeves (COOL), a
synthetic shirt claimed to enhance evaporation (EVAP), and a control condition (CON). A large
cooling power (gradient for heat dissipation between subject and environment) was employed
during COOL utilizing a water perfused vest and sleeves (Game Ready, Cooling System, Inc.,
USA) which contains a network of tubes that circulated water pumped from two reservoirs filled
with ice and water (GRPRO 2.1 Control Unit). The vest covered the torso but not the shoulders;
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the sleeves covered the forearm and palms but not the upper arm. The pump reservoirs were
monitored every 5 min. Water was removed and ice was added to the pump reservoirs to
maintain ice levels throughout the duration of the test. A long sleeve, synthetic shirt was worn
under the vest and sleeves to provide an extra layer for comfort and to prevent contact of the vest
and sleeves to the skin surface. This shirt was comprised of the same fabric used during CON
(see below). To augment overall cooling during COOL, a floor fan was used and set to a speed
that resulted in a measured (anemometer) average wind speed of 4.73 ± 1.15 m·s-1. EVAP
utilized a tight-fitted, long sleeve, synthetic shirt comprised of 61% polyester, 8% spandex, and
31% polyester embedded with an active particle technology. The active particle technology
polyester developed by 37.5 Technology is claimed to facilitate evaporative heat loss by being
hydrophilic and by increasing the surface area for evaporative heat loss while being able to
absorb infrared radiation. CON utilized a tight-fitted, long sleeve, synthetic shirt comprised of
92% polyester and 8% spandex. During both EVAP and CON, a floor fan was used and set to the
same wind speed which averaged 2.95 ± 0.8 m·s-1. All synthetic shirts were black and provided
by 37.5 Technology (Cocona, Inc., USA). Subjects and researchers were blinded to the EVAP
and CON conditions. After collection and analysis of data, the researchers were un-blinded and
the EVAP and CON shirt were analyzed to confirm fabric composition.
Visit 1
Upon arrival, body weight was measured on a digital scale with 5-gram sensitivity
(Combics 1, Sartorius Weighing Technology, Germany) while subjects wore exercise clothing
without shoes and socks. The graded exercise test was conducted on an electronically braked
bicycle ergometer set to iso-power (Lode Excalibur, Netherlands) with the subject’s own pedal
system. 𝑉𝑂# , carbon dioxide production (𝑉𝐶𝑂# ), 𝑉% (BTPS), and respiratory exchange ratio (RER)
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were measured every 15 sec using an open circuit indirect calorimetry system (ParvoMedics
TrueOne 2400, USA). Before each test, gas fractions were calibrated with a primary standard gas
mixture within a physiological range (16.06% O2 and 4.139% CO2) and the pneumotachometer
was calibrated using a 3-L syringe at five flow rates within a range of approximately 75-250
L·min-1. Calibration was considered to be complete when the gas fractions were ±0.02% of the
primary standard gas mixture and the recorded low and high volumes were within 3% of the
calibration volume. Energy expenditure was calculated from 𝑉𝑂# and RER [36]. Heart rate was
measured continuously using a Polar chest strap (Polar Electro, Finland) connected wirelessly to
the Parvo Medics TrueOne 2400.
The submaximal portion began at 60 watts (W) and increased 30 W every 4 min until a
rating of perceived exertion (RPE) of ≥16 (Borg 6-20 scale). Subjects were then allowed 10 min
of active or passive recovery before the maximal portion of the test. The maximal portion began
at the penultimate stage from the submaximal portion and power increased 30 W every 1 min
until volitional exhaustion. Subjects self-selected a preferred cycling cadence and research
personnel monitored it to within 5 revolutions per minute (rpm) throughout the test. Capillary
finger blood samples for lactate determinations were taken before testing began, during the last
minute of each 4-min stage of the submaximal portion, and 2 min after volitional exhaustion.
Blood [lactate] was determined in duplicate using a YSI 2300 Stat Plus lactate analyzer (Yellow
Springs Instruments Co., Inc., USA). The YSI 2300 Stat Plus lactate analyzer was calibrated
against a standard solution before sampling blood lactate as well as every 5 samples or 15 min.
To determine power at LT, individual subjects’ blood [lactate] at each submaximal stage of the
graded exercise test were plotted against power output and a baseline blood [lactate] was
determined by two trained researchers. The power output that occurred at 1 mM above the
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baseline blood [lactate] was defined as LT [7]. GE was calculated by using the power at LT to
calculate GE using a 2nd order polynomial relationship since GE increases curvilinearly with
increasing power. 𝑉𝑂# peak was determined from the average of the three consecutively highest 15
sec 𝑉𝑂# values. PPO was calculated the highest power output adjusted for time.
Visits 2 and 6
These visits were separated by 3-4 weeks. Total Hbmass was measured using the optimized
carbon monoxide (CO) rebreathing method as described in detail elsewhere [39, 45]. A dose of
1.2 mL·kg-1 body mass CO was administered to subjects and rebreathed for 2 min along with 3-L
of 100% O2. Arterialized capillary blood samples were collected from a pre-warmed fingertip
before and 7 min after CO administration. Carboxyhemoglobin (HbCO) was analyzed in
sextuplicate using the OSM3 hemoximeter. Two portable CO detectors were used to monitor
potential CO leaks during the rebreathing procedure and one test was excluded due to detection
of a CO leak. There was no mean change in Hbmass from Visit 2 to Visit 6 (p = 0.94) and the
typical error was 2.0% (95% CI: 1.4 - 3.6%). Given the stability of Hbmass over this period, we
averaged each subject’s two Hbmass measurements for use in the calculation of the intravascular
fluid compartment volumes during the experimental testing visits.
Visits 3, 4, and 5
Subjects used a diet log to match food and fluid intake for 24 hours preceding all
experimental conditions. Subjects arrived 2-hours post-prandial and no food or fluid was
consumed during these visits. Upon arrival, subjects swallowed a pill thermistor (CorTemp, HQ
Inc., USA) to assess core temperature (gastro-intestinal temperature, TGI) [3]. Subjects then
changed into their dry-weigh clothes and provided a urine sample to determine their urine
specific gravity (USG) using a refractometer (PEN-Urine S. G., Atago Inc., USA). Body weight
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was measured in dry-weigh clothing without shoes or socks on the digital scale. For all subjects,
USG and body weight were measured and no significant differences were found across
experimental conditions (Table 1).
After body weight was recorded, subjects changed into a separate set of exercise clothing,
cycling shorts and the prescribed synthetic shirt for the condition. Subjects mounted the bicycle
ergometer after approximately 60 min from the ingestion of the pill thermistor [12]. Subjects
rested for 10 min while seated on the bicycle ergometer to allow fluid compartments to stabilize
to the seated posture [1] before a venous blood sample was collected from a peripheral arm vein
for the determination of Hct and [Hb]. [Hb] was assessed in triplicate using an OSM3
hemoximeter (Radiometer, Denmark) and Hct was assessed in triplicate using
microcentrifugation. Hct was multiplied by 0.96 to account for trapped plasma. Hct, [Hb], and
Hbmass were used to calculate BV, PV, and RCV, and to examine the net intravascular versus
extravascular fluid losses to sweat.
A baseline measure of TGI and thermal sensation (1-8 scale ranging from “unbearably
cold” to “unbearably hot”) [50] were recorded before cycling began. Subjects then cycled at their
power at LT for up to 60 min at the same self-selected cycling cadence (±5 rpm) chosen during
the graded exercise test. Research personnel monitored cycling cadence throughout the test.
During cycling, TGI, ambient temperature (Ta), relative humidity (RH), RPE, and thermal
sensation were recorded every 5 min. 𝑉𝑂# , 𝑉𝐶𝑂# , 𝑉% (BTPS), RER, EE, and HR data were
collected for the first 10 min and then every other 5 min until the end of testing. Testing ended if
the subject completed 60 min of cycling, if TC reached 39.5 ºC, or if the subject reached
volitional exhaustion.
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Upon cycling cessation, a post-exercise venous blood sample was collected with subjects
remaining on the bicycle ergometer. Subjects then dismounted and were instructed to change
back into their separate set of dry-weigh clothes after thoroughly drying off. Body weight was
then recorded in the exact same conditions as before exercise began, in their dry-weigh clothes
without shoes or socks. Whole body sweat loss was determined by changes in body weight after
correcting for respiratory water loss [29] and metabolic mass loss [25]. The net rate of
extravascular fluid loss to sweat was calculated as sweat rate minus rate of blood volume loss.
Intravascular volumes pre- and post-exercise were calculated from Hbmass, [Hb], and Hct using
the following formulas [44]:
1) RCV = Hbmass × Hct × [Hb]-1 × 100-1
2) BV = RCV × 100 × Hct-1 × 0.91-1
3) PV = BV- RCV
For the calculation of blood volume, the factor of 0.91 was included to correct for the ratio of
body to peripheral Hct [5].
Statistics
All subjects completed at least 30 min of cycling for all experimental conditions, so data
were analyzed over time through 30 min. Due to variations in cycling time across subjects and
across conditions, data was further analyzed at isotime (as previously reported [6, 30]). This is a
duration adjusted pre-post comparison where the data at the same time point across conditions is
used based on the shortest duration completed in all three conditions specific to each subject. For
example, if a subject cycled for 40 min, 45 min, and 50 min for the three experimental
conditions, the isotime comparison examined the responses only at the 40-min time point across
the three conditions.
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The results for TC, 𝑉𝑂# , EE, RER, 𝑉% , HR, and GE were analyzed as a change from
baseline (∆) to minimize the possible variation between testing days. For ∆𝑉𝑂# , ∆EE, ∆RER,
∆𝑉% , ∆HR, and ∆GE, the baseline measure was the average of minutes 4 and 5. For ∆TGI, the
baseline measure was taken immediately before cycling began.
𝑉𝑂# was a primary outcome variable and was used to calculate the required sample size
of 12 to detect a 2.9% change in 𝑉𝑂# with a power value of 80% (b = 0.2) and a 5% Type I error
rate (a = 0.05) [19]. This was based on a 2.3% typical error of our indirect calorimetry system
across mechanical power outputs [23]. Data are reported as mean ± standard deviation (SD) with
a sample size of 12 unless stated otherwise. Data was tested for normality and variance using
MVPstats (MVP Programs, USA). The main effects of time and condition were analyzed using a
two-way repeated measures analysis of variance using SPSS Statistics version 21 (IBM
Corporation, USA). If a significant main effect of condition was found, the appropriate post-hoc
analysis was performed based on the normality and variance for each dependent variable (Tukey
or Fishers LSD). The level of significant was set to p = 0.05. A trend was defined as a p-value
between 0.051 and 0.100.
Results
Pre-condition standardization measures
There were no significant differences in the average Ta or RH between conditions (Table
3-1). Average body weight, USG, BV, PV, and RCV were not significantly different before
beginning each condition (Table 3-1). There were no significant baseline differences between
COOL, EVAP, or CON in TGI (37.2 ± 0.2, 37.1 ± 0.2, and 37.2 ± 0.3 ˚C) or 𝑉𝑂# (3.15 ± 0.37,
3.16 ± 0.35, and 3.17 ± 0.38 L·min-1). The average relative intensities for HR and 𝑉𝑂# at
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baseline during COOL, EVAP, and CON were not significantly different (p > 0.05): 79.7 ±
4.9%, 79.9 ± 5.6%, 80.0 ± 4.1% of HRpeak and 67.1 ± 6.4%, 67.6 ± 6.6%, 67.4 ± 6.2% of 𝑉𝑂# peak.
Subject characteristics
Subject characteristics from the graded exercise test are presented in Table 3-2. Average
power at LT for the experimental conditions was 240 ± 27 W with a range of 200 – 302 W. Two
subjects ended two different conditions at 35 min and 41.1 min for discomfort of the bicycle fit
or cooling vest and sleeves rather than a drop in cadence or volitional exhaustion. Excluding
these two subjects, 82%, 75%, and 64% completed 60 min of cycling for COOL, EVAP, and
CON, respectively. Seven of the 12 subjects completed 60 min for all conditions.
Gastro-intestinal temperature
A significant main effect of time (p < 0.01) and condition (p < 0.01) on ∆TGI was found
over 30 min (Figure 3-1A). Post-hoc analysis revealed that COOL significantly (p < 0.05)
reduced ∆TGI by 0.11 ± 0.27 ˚C over 30 min compared to CON. EVAP tended (p = 0.068) to
reduce ∆TGI by 0.07 ± 0.21 ˚C over 30 min compared to CON. There were no significant
differences between COOL and EVAP (p > 0.05). A significant main effect (p < 0.05) of
condition on ∆TGI at isotime was found (Figure 3-1B). The ∆TGI at isotime for COOL was
significantly lower compared to CON (1.44 ± 0.45 vs. 1.66 ± 0.45 ˚C, p < 0.01) and tended to be
lower than EVAP (1.44 ± 0.45 vs. 1.52 ± 0.43 ˚C, p = 0.058). The ∆TGI at isotime for EVAP was
significantly lower compared to CON (1.52 ± 0.43 vs. 1.66 ± 0.45 ˚C, p < 0.05).
Thermal sensation
There was a significant main effect of time (p < 0.01) and condition (p < 0.01) on thermal
sensation over 30 min (n = 10) (Figure 3-1C). Post-hoc analysis revealed that COOL
significantly reduced thermal sensation by 1.2 ± 1.1 units over 30 min compared to both EVAP
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and CON (p < 0.01). There was no significant difference in thermal sensation between EVAP
and CON over 30 min (p > 0.05). Thermal sensation at isotime was significantly lower during
COOL compared to EVAP and CON (5.0 ± 1.3 vs. 6.3 ± 0.9 and 6.4 ± 1.2 units, p < 0.01).
Rating of perceived exertion
There was a significant main effect of time (p < 0.01) and condition (p < 0.01) on RPE
over 30 min (Figure 3-1D); and also a significant main effect of condition for the isotime
comparison. Post-hoc analysis revealed that COOL and EVAP significantly (p < 0.01) reduced
RPE by 0.4 ± 0.6 and 0.3 ± 0.7 units, respectively, compared to CON over 30 min. There was no
significant difference over 30 min in RPE between COOL and EVAP (p > 0.05). RPE at isotime
during COOL was significantly lower compared to CON (16.2 ± 1.3 vs. 17.4 ± 1.4 units, p <
0.05). There were no significant differences in RPE at isotime between COOL and EVAP or
EVAP and CON (p > 0.05).
Sweat rate, blood volume, plasma volume, red cell volume, and extravascular fluid changes
There was a significant main effect (p < 0.05) of condition on sweat rate and
extravascular fluid loss rate (n = 10) (Table 3-3). Post-hoc analysis revealed that COOL resulted
in a significantly lower sweat rate compared to EVAP and CON (1,312 ± 331 vs. 1,525 ± 393
and 1,550 ± 548 mL·h-1, p < 0.01) There was no significant difference in sweat rate between
EVAP and CON (p > 0.05). There were no significant differences in the rate of loss in BV, PV,
or RCV across conditions (n = 10, p > 0.05) (Table 3-3). COOL resulted in a significantly lower
extravascular fluid loss rate compared to CON (1,008 ± 391 vs. 1,243 ± 470 mL·h-1, n = 10, p <
0.05). There were no significant differences in the rate of extravascular fluid loss between COOL
and EVAP or EVAP and CON (n = 10, p > 0.05).
Oxygen consumption and energy expenditure
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There was a significant main effect of time (p < 0.01) and condition (p < 0.05) on ∆𝑉𝑂#
and ∆EE over 30 min (Figure 3-2A and 3-2B). Post-hoc analysis revealed that COOL
significantly (p < 0.05) reduced ∆𝑉𝑂# over 30 min by 32.1 ± 53.9 and 37.0 ± 86.9 mL·min-1
compared to EVAP and CON, respectively. There was no significant difference in ∆𝑉𝑂# over 30
min between EVAP and CON (p > 0.05). COOL significantly (p < 0.05) reduced ∆EE over 30
min by 0.17 ± 0.43 kcal·min-1 compared to CON. There was a trend (p = 0.054) for ∆EE to be
lower by 0.14 ± 0.29 kcal·min-1 during COOL compared to EVAP over 30 min. There were no
significant differences in ∆EE over 30 min between EVAP and CON (p > 0.05). There were no
significant main effects of condition on ∆𝑉𝑂# at isotime or ∆EE at isotime between COOL,
EVAP, or CON (p > 0.05).
Gross efficiency
There was a significant main effect of time (p < 0.01) and condition (p < 0.05) on ∆GE
over 30 min (Figure 3-2C). Post-hoc analysis revealed that COOL significantly (p < 0.05)
reduced the decline in ∆GE by 0.22 ± 0.59% over 30 min compared to CON. There were no
significant differences in ∆GE over 30 min between COOL and EVAP or EVAP and CON (p >
0.05). There was not a significant main effect of condition on ∆GE at isotime between COOL,
EVAP, or CON (p > 0.05).
Ventilation, heart rate, respiratory exchange ratio, and blood [lactate]
There was a significant main effect of time (p < 0.01) on the increase in ∆𝑉% (Figure 33A), increase ∆HR (n = 11) (Figure 3-3B), and decrease in ∆RER over 30 min. However, there
were no significant main effects of condition on ∆𝑉% , ∆HR, or ∆RER over 30 min (p > 0.05).
Similarly, there were no significant main effects of condition on ∆𝑉% , ∆HR, or ∆RER when
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analyzed at isotime (p > 0.05). There was not a significant main effect of condition on pre- and
post-exercise blood [lactate] (n = 10, p > 0.05).
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Table 3-1. Pre-condition standardization measures (mean ± SD).
Measure

COOL

EVAP

CON

Ta (°C)

23.0 ± 0.8

23.5 ± 0.6

23.4 ± 0.4

RH (%)

31.2 ± 8.1

33.0 ± 6.6

30.0 ± 7.2

Body weight (kg)

76.3 ± 9.9

76.3 ± 9.7

76.3 ± 9.9

USG (unitless)

1.010 ± 0.007

1.008 ± 0.006

1.012 ± 0.008

BV (mL)

6844 ± 853

6901 ± 870

6848 ± 697

PV (mL)

3989 ± 516

4041 ± 526

4008 ± 375

RCV (mL)

2855 ± 375

2859 ± 406

2840 ± 394

Ta, ambient temperature; RH, relative humidity; USG, urine specific gravity; BV, blood volume;
PV, plasma volume; RCV, red cell volume.
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Table 3-2. Subject characteristics (mean ± SD) from graded exercise test.
Age (yr)

25.6 ± 5.9

Height (cm)

180.7 ± 8.2

Weight (kg)

76.042 ± 9.687

BMI (kg·m -2)

23.3 ± 2.9

𝑉𝑂2 peak (L·min-1)

4.71 ± 0.60

𝑉𝑂2 peak (mL·kg-1·min-1)

62.4 ± 7.1

Power at 𝑉𝑂2 peak (W)

400.6 ± 42.6

Power at 𝑉𝑂2 peak (W·kg-1)

5.4 ± 0.6

Power at LT (W)

240.4 ± 26.7

Power at LT (W·kg-1)

3.2 ± 0.4

Power at LT (%𝑉𝑂2 peak)

68.2 ± 0.1

GE at LT (%)

22.5 ± 0.7

HRpeak (beats·min-1)

184.8 ± 9.4

BMI, body mass index; LT, lactate threshold; GE, gross efficiency.
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Table 3-3. Fluid rate changes (mean ± SD) across conditions. n = 12 for SR, and n = 10 for BV,
PV, RCV, and extravascular fluid loss.
Measure

COOL

EVAP

CON

SR (mL·h-1)

1312 ± 331*

1525 ± 393

1550 ± 548

BV loss (mL·h-1)

304 ± 243

400 ± 269

307 ± 251

PV loss (mL·h-1)

266 ± 230

340 ± 214

286 ± 261

RCV loss (mL·h-1)

38 ± 46

60 ± 76

21 ± 68

1008 ± 391†

1126 ± 356

1243 ± 470

Extravascular fluid loss
-1

(mL·h )
SR, sweat rate; BV, blood volume; PV, plasma volume; RCV, red cell volume.
*Significantly different than EVAP and CON, p < 0.05.
†Significantly different than CON, p < 0.05.
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Figure 3-1. Changes in core body temperature over 30 min (A) and at isotime (B) (bars display
group means; lines display individual data) across conditions. Changes in perception of thermal
sensation (n = 10) (C) and exertion (D) over 30 min across conditions.
All measures increased significantly over time (p < 0.01).
†COOL significantly different than EVAP and CON, p < 0.05.
*COOL and EVAP significantly different than CON, p < 0.05.
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Figure 3-2. Changes in oxygen consumption (A), energy expenditure (B), and gross efficiency
(C) over 30 min across conditions. All measures changed significantly over time (p < 0.01).
*COOL and EVAP significantly different than CON, p < 0.05.
#COOL significantly different than CON, p < 0.05.
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Figure 3-3. Changes in ventilation (A) and heart rate (n = 11) (B) over 30 min across conditions.
All measures increased significantly over time (p < 0.01).
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Discussion
This study first demonstrated that in thermocomfortable conditions cooling using a water
perfused vest and sleeves successfully blunted the rise in gastro-intestinal temperature and
reduced the increases in 𝑉𝑂# and energy expenditure expected over time at an exercise intensity
above the lactate threshold break point. Likewise, the decrease in gross efficiency over time was
attenuated during COOL compared to CON. Not surprisingly, COOL also decreased sweat rate
and thermal sensation compared to the shirt conditions. Secondly, this study is the first to our
knowledge to demonstrate wearing a synthetic shirt claimed to facilitate evaporative heat loss
has the potential to reduce the rise in gastro-intestinal temperature during constant power, nonsteady state exercise. The fact that the decline in gross efficiency during EVAP was not
significantly different from COOL or CON raises the possibility that EVAP resulted in a modest
attenuation of gross efficiency over time. Both COOL and EVAP were also perceived as easier
and a greater percent of subjects completed 60 min of cycling compared to CON. Altogether,
these results demonstrate beneficial effects of these cooling methods on multiple physiological
and perceptual responses which relates to improved exercise performance/tolerance.
A direct comparison of our results to those in the literature is difficult since the studies
that cooled during exercise are not consistent regarding the technique utilized to achieve subject
cooling or the exercise testing protocol [10, 13, 15, 18, 20, 26, 27, 43, 47]. However, studies
similar to ours that maintained differences in cooling power between conditions over a large
surface area throughout exercise report reduced assessments of core temperature, RPE, thermal
sensation, and increased time to exhaustion [13, 18, 27]. On the other hand, when the cooling
power was not maintained over the duration of exercise, there were no differences in the
assessment of core temperature or RPE between conditions and performance results were mixed
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[10, 15, 26]. Taken together, this information demonstrates that the effect of cooling during
exercise is greatest when cooling is maintained for the duration of the exercise bout.
Although the decrease in sweat rate during COOL was not surprising, our study was able to
provide insight into the dynamics of fluid loss between the intravascular and extravascular fluid
compartments. Despite a significant ~15% reduction in sweat rate during COOL compared to
EVAP and CON, there were no differences in the rates of plasma or blood volume losses
between conditions. However, COOL significantly reduced the net extravascular contribution to
fluid loss by ~19% compared to CON. Thus, the large decrease in sweat rate during COOL
compared to CON did not translate to any differences in plasma volume or blood volume but
rather to a decrease in the net extravascular contribution to fluid loss. These results highlight the
need for studies to consider both intravascular and extravascular contributions to fluid loss since
differences in sweat rate do not necessarily correspond to alterations in plasma or blood volume
losses [16, 28].
Interestingly, COOL significantly reduced the progressive increase from baseline in 𝑉𝑂#
over 30 min compared to EVAP and CON. When accounting for substrate utilization, the change
in energy expenditure from baseline was also significantly reduced during COOL compared to
EVAP and CON. Our results are in agreement with some [20, 27] but not all studies [18, 26]. It
is interesting that this decrease in 𝑉𝑂# was not accompanied by a significant decrease in 𝑉%
and/or HR. This could be due to the fact that both 𝑉% and HR are more variable than 𝑉𝑂# and the
study was underpowered to detect the changes in these physiological variables. A potential
mechanism that may partially explain differences in 𝑉𝑂# and energy expenditure is sweat rate,
which was significantly reduced during COOL compared to EVAP and CON. Sweating is a
metabolically active process [24, 42] and thus will account for a small proportion of the total
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energy expenditure during exercise. A reduced sweat rate has been proposed previously as a
factor that may decrease 𝑉𝑂# [27]. Unfortunately, there are no data on the energetics of sweating
in relation to whole body energy expenditure, and future research is warranted in this area to
determine the extent to which the energetics of sweating impact 𝑉𝑂# . Other factors not assessed
in this study likely influenced 𝑉𝑂# and energy expenditure and may also explain differences
between COOL and the shirt conditions (e.g., skeletal muscle efficiency in working muscle,
energy cost of non-working tissues, redistribution of blood flow, or Q10 effect (increase in
enzymatic reaction rate with increasing temperature). Altogether, the results from this study
demonstrate that cooling during exercise and subsequent changes in core temperature impact
𝑉𝑂# and energy expenditure, and that future studies are required to determine the mechanisms of
this observed effect.
To our knowledge, this is the first study to demonstrate a reduced core temperature
(assessed by gastro-intestinal temperature) using a synthetic shirt claimed to facilitate heat loss.
Sweat rates were not different between the two different shirt conditions, so it may be speculated
that EVAP liberated heat more effectively, presumably through evaporation. It is possible that
due to the claimed fabric properties of EVAP, a greater volume of sweat participated in
evaporative heat loss; whereas during CON, less sweat participated in evaporative heat loss (i.e.
sweat dripping off the body). As previously mentioned, this study was not designed to test the
heat transfer dynamics of this fabric, but to determine if the claimed properties result in
measurable physiological changes during exercise. Since the only difference between these
conditions was the fabric composition of the shirt worn, our results indicate that the active
particle technology embedded in the fabric used in EVAP provided a thermal and perceptual
benefit.
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Conclusion
This study demonstrated that cooling using an ice-cooled water perfused vest and sleeves
or wearing a synthetic shirt embedded with an active particle technology successfully reduced
the increase in core temperature (i.e. gastro-intestinal temperature) and RPE during constant
power, non-steady state cycling in thermocomfortable conditions. Furthermore, using the icecooled water perfused vest and sleeves blunted the rise in 𝑉𝑂# and energy expenditure,
decreased the decline in gross efficiency, and reduced thermal sensation and sweat rate which all
relate to improved exercise tolerance. Considering that such a cooling method is not feasible
when exercising in the field, a synthetic shirt designed to facilitate evaporative heat loss has the
potential to reduce thermal strain under the conditions utilized in this study. Overall, these
findings demonstrate beneficial effects of cooling on multiple physiological and perceptual
responses during constant-power, non-steady state cycling.
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CHAPTER IV
THE EFFECTS OF SUPRAMAXIMAL CYCLING ON THE ENERGETICS OF
SUBMAXIMAL CYCLING IN CYCLISTS AND NON-CYCLISTS
Abstract
Purpose: We sought to examine the effects of supramaximal cycling on the energetics of
submaximal cycling below the lactate threshold in cyclists and non-cyclists. Methods:
Endurance trained cyclists (Cyclists, n = 10) and recreationally active, non-cyclists (Noncyclists, n = 9) performed a graded exercise test to determine power at lactate threshold (LT) and
power at VO# peak (peak power output, PPO). On three separate days, subjects performed sub-LT
cycling bouts before (PRE) and after (POST 1, POST 2, and POST 3) supramaximal cycling
bouts (3x2 min at 110% PPO (SUPRA)). POST 1, POST 2 and POST 3 occurred 2, 22, and 52
min after SUPRA. On each of the three separate days, subjects cycled at 60%, 80%, and 100% of
their LT for the sub-LT cycling bouts. Metabolic variables, arterial oxygen saturation (SpO2),
core body temperature (TC), blood lactate concentration ([lactate]), and rating of perceived
exertion (RPE) were measured. Linear relationships for rate of oxygen consumption (V̇ O2) and
rate of energy expenditure (EE) to mechanical power were developed from the three intensities
for each sub-LT condition (PRE, POST 1, POST 2, and POST 3) to determine if the linear
relationship between V̇ O2 and EE to mechanical power was altered by prior supramaxiaml
exercise. Results: VO# peak, power at LT, and PPO were significantly higher in Cyclists compared
to Non-cyclists (p < 0.01). Cyclists and Non-cyclists did not respond differently across
conditions. Metabolic variables, SpO2, TC, [lactate], and RPE were all significantly altered
during POST 1 compared to PRE in both groups across all relative intensities (p < 0.05).
Importantly, V̇ O2 and EE were significantly increased during POST 1 compared to PRE in both
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groups across all relative intensities (p < 0.05). Supporting this, the V̇ O2-power and EE-power
intercepts were both significantly greater during POST 1 compared to PRE (p < 0.05). However,
there were no differences in the slopes. All measures during POST 2 and POST 3 were not
different than PRE, except for HR and TC which were significantly increased from PRE across
all relative intensities during POST 2 and POST 3 (p < 0.05). Conclusion: Prior supramaximal
exercise increases the energetic cost of cycling at the same sub-LT power output in both
endurance trained cyclists and recreationally active non-cyclists. The increase in V̇ O2 and EE is
partially explained by an increase in cardio-respiratory work. However, after 22 min of recovery,
V̇ O2 and EE were not different than before supramaximal exercise.
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Introduction
Oxygen consumption (V̇ O2) during exercise below the LT (sub-LT or moderate exercise)
has been shown to be increased following prior “heavy” exercise (above LT and below maximal
V̇ O2) when compared to before [10, 14, 15, 16, 27, 33]. The mechanisms that contribute to this
are likely a combination of factors including an elevated baseline V̇ O2 [10, 14, 15, 16, 27, 33], a
decreased skeletal muscle efficiency in already recruited fibers [14], and an increased cardiorespiratory work [33]. An increased metabolic rate of other biological systems may also
contribute to V̇ O2 and EE following prior exercise. Furthermore, an increase in core body
temperature (TC) may also influence energetics [17, 26], but this has yet to be examined during
sub-LT exercise after performing prior heavy exercise. Importantly, these potential contributors
are influenced by the intensity and timing of the submaximal exercise bouts [3, 14, 33], as well
as the subject population under study [14, 16, 28].
The timing of prior heavy exercise has been shown to influence V̇ O2 during the following
exercise bouts [3, 14, 33]. Gonzales et al. [14] found significantly greater increases in V̇ O2
during sub-LT exercise following prior heavy exercise after 30 sec of recovery compared to 6
min of recovery. Likewise, Spencer et al. [33] demonstrated that the increase in V̇ O2 during subLT exercise after 6 min of recovery was greater than after 20 min of recovery following prior
heavy exercise. Interestingly, V̇ O2 was significantly elevated during sub-LT exercise even
though V̇ O2 had returned to baseline after 20 min of recovery following prior heavy exercise
[33]. Examining the energetic responses during moderate exercise following greater than 20 min
of recovery is necessary to determine if or when V̇ O2 returns to control levels (before prior heavy
exercise) after ~60 min.
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Peak V̇ O2 (V̇ O2peak) has been shown to influence the energetic response during sub-LT
exercise following prior heavy exercise [14,16], although studies have not examined this in a
population with a V̇ O2peak greater than 55 ml·kg-1·min-1 [14, 16, 27, 28]. Additionally, none of
the subjects were specifically trained cyclists [14, 16, 27, 28], which may influence the energetic
response since a higher gross efficiency (lower energy cost at given mechanical power output)
has been shown in cyclist compared to less-trained cyclists [7, 19]. A comparison between
subjects with average V̇ O2peak (~44 ml·kg-1·min-1) to competitive, endurance trained V̇ O2peak (>60
ml·kg-1·min-1) has not been made [2, 9], nor has the possible influence of cycling background
differences been considered.
In sports, shorter bouts of supramaximal intensities (above V̇ O2peak) are sometimes
interspersed between prolonged and lower intensity bouts (e.g. cycling and soccer). For this
reason, it is also important to examine how supramaximal prior exercise affects the energetics of
subsequent moderate exercise. Although studies have examined the impact of supramaximal or
“exhausting” prior exercise, the intensity of the following exercise bouts are above the LT [31]
or above V̇ O2peak [12, 21, 34, 35]. This is problematic since supra-LT exercise results in a
delayed or unachieved steady state V̇ O2 and EE (i.e. the V̇ O2 slow component) [22]. Thus
determining the influence of prior supramaximal exercise on subsequent changes in V̇ O2 and EE
are affected by both prior supramaximal exercise and the V̇ O2 slow component. Because of this,
studies are needed to isolate the influence of prior supramaximal exercise on the energetics of
sub-LT exercise performed afterward, which has never been examined.
Lastly, no study has examined the energetics of multiple exercise intensities below the
LT following prior exercise which allows for the determination of a V̇ O2 and EE to mechanical
power slope and intercept. The V̇ O2-power (EE-power) relationship provides a unique way to

54

partition possible systems that contribute to the energetic changes during exercise bouts
performed after prior exercise. The slope represents the increasing energy cost to produce more
force primarily within working skeletal muscle (along with cardio-respiratory work to deliver
more O2); while the intercept represents the constant energy cost of maintaining biological
systems as mechanical power output increases [4, 11, 30].
Therefore, we sought to examine the influence of prior supramaximal cycling bouts on
the energetics of subsequent cycling bouts performed at intensities below the LT in both
competitive, endurance trained cyclists (Cyclists) and recreationally active non-cyclists (Noncyclists). This would be accomplished by having subjects cycle at intensities of 60%, 80%, and
100% of the LT before and after supramaximal cycling bouts. Finally, we also sought to
investigate the time course of the potential energetic effects during sub-LT cycling bouts 2, 22,
and 52 minutes after the last supramaximal cycling bout. The hypotheses were that 1)
physiological measures would be higher during the cycling bout immediately following prior
supramaximal exercise in both Cyclists and Non-cyclists, 2) the energetic effects of prior
supramaximal exercise would last longer in Non-cyclists compared to Cyclists, and 3)
physiological measures by the last cycling bout would not be different compared to the first
cycling bout performed before the supramaximal cycling bouts.
Methods
Subjects
Ten endurance trained cyclists (7 male; 3 female) and 10 recreationally active, noncyclists (5 male; 4 female) participated in this study. Cyclists held a U.S.A. Cycling (USAC)
category (CAT) ranking of 4 or higher and trained for 8.0 or more hours per week (V̇ O2peak: 4.45
± 1.06 L·min-1 and 64.1 ± 8.1 mL·kg-1·min-1; LT: 203.7 ± 47.5 watts, W). Three of the 10
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cyclists held a CAT 3 or 4 ranking while the remainder were CAT 1 or 2. Cyclists had at least 2
years of cycling specific training with the exception of one subject who had 1 year of cycling
specific training but already held a CAT 3 ranking. Five subjects had 5 or more years of cycling
specific training. Non-cyclists participated in aerobic exercises other than cycling for 2.5 to 5.0
hours per week and had no history of competitive cycling or training (V̇ O2peak: 2.94 ± 0.96
L·min-1 and 42.4 ± 6.9 mL·kg-1·min-1; LT: 88.0 ± 44.0 W). Running was the primary mode of
exercise, but subjects also reported participating in team sports, yoga, and hiking. Commuting on
a bicycle was allowed as long as the distance was less than 4 miles each way. After receiving
written and verbal consent, females were asked to provide a urine sample to confirm that they
were not pregnant (HCG, Guangzhou Wondfo Biotech Co., Ltd., China). Females also confirmed
that they were not breast feeding through written and verbal consent. Subjects were recruited
from the Boulder, CO area. All subjects were required to reside at an altitude of approximately
1625 m (5,331 ft) for at least 3 weeks preceding the first visit and to remain at a similar altitude
for the duration of the study to prevent the influence of acute acclimatization on measured
variables. The subjects participated in this study after providing their written, informed consent.
This study was approved by the Institutional Review Board of the University of Colorado
Boulder.
Study design
Subjects reported to the Applied Exercise Science Laboratory on four occasions. The first
visit consisted of the graded exercise test which served to classify subjects and also to determine
the relative intensities that subjects would perform during the experimental testing sessions.
These included power at peak V̇ O2 (peak power output, PPO) and power at lactate threshold
break point (LT). Subjects returned on three different days to perform the experimental tests at a
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different percent of their LT (60%, 80%, or 100% LT). During these sessions, subjects cycled at
the prescribed percent of LT for 10 min before (PRE) and after (POST) performing three
supramaximal cycling bouts at 110% PPO (~2-min each with 2 min of recovery with the last
bout being a time-to-exhaustion bout (TTE)). Three POST cycling bouts were performed 2 min
(POST 1), 22 min (POST 2), and 52 min (POST 3) after the last supramaximal cycling bout.
Experimental testing sessions were balance-ordered and separated by at least 24 hours. For all
visits, subjects reported 2-hours post-prandial and were also asked to refrain from consuming
stimulants (e.g. caffeine) 2 hours prior to all visits and to refrain from consuming alcohol 24
hours prior to all visits. Subjects were asked to record their diet and fluid intake 24 hours before
the first experimental testing session and duplicate this before the subsequent experimental
testing sessions. This helps to control the influence of substrate utilization on V̇ O2 and to control
the influence of hydration status on plasma volume which is related to thermoregulatory
responses [18].
Graded exercise test (GXT)
Body mass was measured on a digital scale with 5-gram sensitivity (Combics 1, Sartorius
Weighing Technology, Germany) while subjects wore exercise clothing without shoes. Subjects
cycled on an electronically braked bicycle ergometer set to iso-power (Lode Excalibur,
Netherlands) with either their own pedal system or the laboratory’s clipless pedals. V̇ O2, carbon
dioxide production (V̇ CO2), V̇ E (BTPS), respiratory exchange ratio (RER), energy expenditure
(EE), arterial oxygen saturation (SpO2), and heart rate (HR) were averaged and recorded every
15 sec. V̇ O2, V̇ CO2, V̇ E, and RER were measured using an open circuit indirect calorimetry
system (ParvoMedics TrueOne 2400, U.S.A.). Energy expenditure was calculated from V̇ O2 and
RER [29] using the ParvoMedics TrueOne 2400 system. The indirect calorimetry system was
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calibrated before each test. Gas fractions were calibrated with a primary standard gas mixture
within a physiological range (16.06% O2 and 4.139% CO2) and the pneumotachometer was
calibrated using a 3-L syringe at five flow rates within a range of approximately 75-250 L·min-1.
Calibration was considered to be complete when the gas fractions were ±0.02% of the primary
standard gas mixture and the recorded low and high volumes were within 3% of the calibration
volume. Arterial oxygen saturation (SpO2) was measured using a Nellcor N-595 Oximax system
(Medtronic, U.S.A.) and heart rate (HR) was measured using a Polar chest strap (Polar Electro,
Finland) wirelessly connected to the metabolic cart.
The submaximal portion began at 60 W and increased 30 W every 4 min until a rating of
perceived exertion (RPE) of ≥16 (Borg 6-20 scale). Subjects were then allowed 10 min of active
or passive recovery before the maximal portion of the test. The maximal portion began at the
penultimate stage from the submaximal portion, and power increased 30 W every 1 min until
volitional exhaustion. Subjects cycled at their self-selected cycling cadence (±5 revolutions per
min, rpm). Capillary finger blood samples for lactate determinations were taken before testing
began, during the last minute of each 4-min stage of the submaximal portion, and 2 min after
volitional exhaustion.
V̇ O2peak was determined from the average of the three consecutively highest 15 sec V̇ O2
values. PPO was considered the highest mechanical power output maintained for the last 1-min
stage during the maximal portion. Maximal aerobic power (MAP) was calculated as the highest
mechanical power output adjusted for time [9]. Blood [lactate] at each stage was measured in
duplicate (YSI 2300 Stat Plus lactate analyzer, Yellow Springs Instruments Co., Inc., U.S.A.)
and plotted against power output to determine the LT. The YSI 2300 Stat Plus lactate analyzer
was calibrated against a standard solution before sampling blood [lactate] as well as every 5
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samples or 15 min. Two trained researchers determined the power output where blood [lactate]
began to inflect up exponentially was defined as the lactate threshold break point (or LT). GE
was calculated at the power output that occurred at 1-mM above the baseline blood [lactate]
using a 2nd order polynomial since GE increases curvilinearly with increasing mechanical power.
Experimental testing sessions
To simplify the procedures, only one experimental testing session will be explained (60%
LT). The same protocol was repeated two more times with the only difference being the percent
of LT (80% and 100%) at which subjects performed the submaximal cycling bouts. Experimental
testing sessions were balance ordered. See Figure 4-1 for experimental testing session overview.
Subjects’ body mass was measured and then they were asked to self-insert a rectal thermistor 16
cm past the anal sphincter (YSI 400 Series probes, Yellow Springs Instruments Co., Inc., U.S.A.)
to assess core body temperature (TC). A capillary finger blood sample was taken to measure preexercise blood [lactate]. Pre-exercise TC, ambient temperature (Ta), and relative humidity (RH)
were also recorded before testing began. All subjects completed the testing sessions at the same
cadence (±5 rpm) on the same Lode bicycle ergometer and with the same pedal system used
during the graded exercise test. Subjects began by cycling for 10 min at 60% LT (PRE). Subjects
then recovered for 2 min before beginning the supramaximal cycling bouts performed at 110%
PPO (SUPRA). The first two bouts were 2 min long and the last bout was a TTE bout. Subjects
recovered for 2 min between the supramaximal cycling bouts. If subjects could not complete the
2 min duration for the first two bouts, they were encouraged to cycle for as long as possible or
until cycling cadence dropped below ~40 rpm. After the 2 min of recovery proceeding the last
supramaximal cycling bout, subjects cycled for 10 min at 60% LT (POST 1). Subjects then
recovered for 10 min and were allowed to dismount the bicycle ergometer. After this period,
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subjects cycled for 10 min at 60% LT (POST 2). Subjects then recovered for 20 min before the
final 10-min submaximal cycling bout at 60% LT (POST 3). TC was recorded and RPE was
measured during the 4th and 9th minute of all submaximal cycling bouts and during the last 15 sec
or immediately after volitional exhaustion of the supramaximal cycling bouts. Capillary finger
blood samples were taken 1 min before and after all submaximal cycling bouts. Subjects drank
water ad libitum but were not allowed to consume kilocalories (kcal).
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Figure 4-1. Overview of experimental testing sessions. Arrows (â) indicate a capillary finger
blood sample taken 1 min before and after submaximal cycling bouts. Triangles (q) indicate TC
and RPE measurement at minute 4 and 9. Days were balance ordered across subjects. LT, lactate
threshold break point. SUPRA, 110% of PPO (power of last completed stage during maximal
portion of graded exercise test). TTE, time to exhaustion at 110% PPO.
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Data analysis
A method to compare energetics across conditions is to analyze the linear regressions of
the V̇ O2-power and EE-power relationships. This provides a slope and an intercept that can be
directly compared. This also provides a non-invasive method to infer energetic changes in tissues
directly or indirectly supporting force production with increasing power (e.g. skeletal muscle and
cardio-respiratory system) and changes in the “maintenance” metabolic rate of tissues [4, 11, 30].
The slope represents increases in energy cost to meet the higher mechanical energy demand
which primarily arises from the working skeletal muscles (although cardio-respiratory work also
contributes to this) [4, 30]. The intercept represents the constant energy cost of biological
systems with increasing work [11, 30].
Statistics
V̇ O2 was a primary outcome variable and was used to calculate the required sample size
of 10 to detect a 3.3% change in V̇ O2 with a power value of 80% (b = 0.2) and a 5% Type I error
rate (a = 0.05) [20]. This was based on a 2.3% typical error of our indirect calorimetry system
across mechanical power outputs [23]. Subject characteristics between groups were compared
using independent t-tests (Microsoft Office Excel 2010, Microsoft Corporation, Redmond, WA).
TC and RPE were analyzed at minute 4 and minute 9 within each condition and are reported as
PRE (4-min), PRE (9-min), POST 1 (4-min), POST 1 (9-min), etc. [Lactate] was analyzed 1 min
before and after each submaximal cycling bout and are reported as PRE (Before), PRE (After),
POST 1 (Before), POST 1 (After), etc. TC was analyzed as a change from pre-exercise (∆TC) and
as an absolute measure (TC). Baseline for ∆TC, TC, and RPE were defined at PRE (9-min)
(reasoning explained in results). Baseline [lactate] was defined at PRE (Before).
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Main effects of group (Cyclists and Non-cyclists), condition (PRE, POST 1, POST 2, and
POST 3), relative intensity (60%, 80%, and 100% LT) and interactions on V̇ O2, EE, GE, V̇ CO2,
RER, V̇ E, HR, SpO2, TC, [lactate], and RPE were analyzed using the linear mixed model
structured as “autoregressive”. If a main effect was found, post-hoc comparisons were made with
least square differences (LSD). Main effects of group (Cyclists and Non-cyclists) and condition
(PRE, POST 1, POST 2, and POST 3) on the slope and intercept of the V̇ O2-power and EEpower linear relationships were analyzed using the linear mixed model structured as
“unstructured”. These analyses were run using IBM SPSS Statistics software (IBM Corporation,
Armonk, New York). Statistical significance was set at a level of 0.05. A trend was defined as a
p-value between 0.051 and 0.110.
An advantage of using the linear mixed model analysis is that it can accommodate
randomly missing values in a data set. It predicts the missing values so that a subject’s data is not
lost and compares the estimated marginal means in the statistical analysis. Thus, the estimated
marginal means ± standard deviations (SD) are presented in the text (unless stated otherwise).
The mean ± SD presented in the figures were calculated from the number of data points available
and therefore do not always represent all Cyclists (n = 10) or Non-cyclists (n = 9). Furthermore,
if no interaction was found, the estimated marginal mean ± SD is reported in the text for group
only (combining condition and relative intensity), condition only (combining group and relative
intensity), and relative intensity only (combining group and condition). However, the figures are
presented by group across conditions within each relative intensity to best visualize the data with
significant differences reported from the comparison of the estimated marginal means.
Results
Subject characteristics and cycling bouts
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As expected, Cyclists differed from Non-cyclists (Table 4-1). The relative mechanical
power outputs at 60%, 80%, and 100% LT were significantly higher (p < 0.05) for Cyclists
(mean ± SD: 124 ± 29, 166 ± 38, and 207 ± 48 W) compared to Non-cyclists (mean ± SD: 53 ±
26, 70 ± 35, and 88 ± 44 W). Mechanical power output for SUPRA was significantly higher for
Cyclists compared to Non-cyclists (mean ± SD: 409 ± 80 vs. 231 ± 68 W, p < 0.05). During
SUPRA, all subjects achieved or exceeded their GXT determined V̇ O2peak for at least one 15-sec
sampling period. SUPRA resulted in a significantly increasing ∆TC and TC (p < 0.01) (Figure 414, Figure 4-15, Figure 4-16, and Figure 4-17), significantly elevated [lactate] (p < 0.001)
(Figure 4-18 and Figure 4-19), and were perceived as significantly more difficult (p < 0.001)
(Figure 4-20 and Figure 4-21) compared to all sub-LT cycling bouts.
Rate of oxygen consumption
There was a significant main effect of group (p < 0.001), condition (p < 0.01), and
relative intensity (p < 0.001) on V̇ O2. There was a significant interaction between group and
relative intensity on V̇ O2 (p < 0.001). See Figure 4-2 for V̇ O2 comparisons. V̇ O2 for Cyclists was
greater compared to Non-cyclists (2.46 ± 0.61 vs. 1.28 ± 0.65 L·min-1, p < 0.001). V̇ O2 increased
from 60% to 80% to 100% LT in both groups (1.54 ± 0.45 vs. 1.87 ± 0.45 vs. 2.20 ± 0.45, p <
0.001) but to a greater degree in Cyclists (p < 0.001). V̇ O2 was greater during POST 1 compared
to PRE, POST 2, and POST 3 (2.01 ± 0.49 vs. 1.79 ± 0.49, 1.84 ± 0.47, and 1.83 ± 0.47 L·min-1,
p < 0.05). V̇ O2 during PRE, POST 2 or POST 3 were not different.
Rate of energy expenditure
There was a significant main effect of group (p < 0.001), condition (p < 0.01), and
relative intensity (p < 0.001) on EE. There was a significant interaction between group and
relative intensity (p < 0.001). See Figure 4-3 for EE comparisons. EE for Cyclists was greater
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compared to Non-cyclists (11.80 ± 2.94 vs. 6.13 ± 3.12 kcal·min-1, p < 0.001). EE increased
from 60% to 80% to 100% LT in both groups (7.37 ± 2.17 vs. 8.96 ± 2.17 vs. 10.57 ± 2.17
kcal·min-1, p < 0.001) but to a greater degree in Cyclists (p < 0.001). EE was greater during
POST 1 compared to PRE, POST 2, and POST 3 (9.65 ± 2.38 vs. 8.61 ± 2.38, 8.82 ± 2.25, and
8.78 ± 2.25 kcal·min-1, p < 0.05). EE during PRE, POST 2, or POST 3 were not different.
Gross efficiency
There was a significant main effect of group (p < 0.001), condition (p < 0.001), and
relative intensity (p < 0.001) on GE. There was a significant interaction between group and
relative intensity (p < 0.01) on GE. See Figure 4-4 for GE comparisons. GE for Cyclists was
higher compared to Non-cyclists (20.0 ± 2.6 vs. 15.7 ± 2.6%, p < 0.001). GE increased from
60% to 80% to 100% LT in both groups (16.4 ± 1.7 vs. 18.0 ± 1.7 vs. 19.2 ± 1.7%, p < 0.001)
but to a greater degree in Cyclists (p < 0.001). GE during PRE was significantly higher compared
to POST 1 and POST 3 (18.6 ± 2.2 vs. 16.7 ± 2.2 and 18.2 ± 1.7 %, p < 0.001) and there was a
trend for GE to be higher compared to POST 2 (18.6 ± 2.2 vs. 18.1 ± 1.7%, p = 0.105). GE
during POST 1 was significantly lower compared to PRE, POST 2, and POST 3 (16.7 ± 2.2 vs.
18.6 ± 2.2, 18.1 ± 1.7, and 18.2 ± 1.7%, p < 0.001). GE between POST 2 and POST 3 were not
different.
Linear relationships of the rate of oxygen consumption and the rate of energy expenditure to
mechanical power output
There was a main effect of condition (p < 0.05) on the V̇ O2-power slope but no effect of
group. The V̇ O2-power slope from PRE was lower compared to POST 1 and POST 2 (0.0101 ±
0.0012 vs. 0.0111 ± 0.0014 and 0.0109 ± 0.0011 L·min-1·W-1, p < 0.05) and tended to be lower
compared to POST 3 (0.0101 ± 0.0012 vs. 0.0108 ± 0.0014 L·min-1·W-1, p = 0.072) (Figure 4-5).
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There were no differences in the V̇ O2-power slope between POST 1, POST 2, or POST 3.
However, when the EE-power relationship was analyzed, there was no effect for condition on the
slope (p = 0.155) (Figure 4-6).
There was a significant main effect of condition (p < 0.01) on the V̇ O2-power intercept
(Figure 4-7). The V̇ O2-power intercept for PRE was significantly lower compared to POST 1
(0.575 ± 0.200 vs. 0.678 ± 0.253 L·min-1, p < 0.05) and not different from POST 2 and POST 3
(0.550 ± 0.187 and 0.534 ± 0.196 L·min-1). The V̇ O2-power intercept was significantly greater
during POST 1 compared to PRE, POST 2, and POST 3 (0.678 ± 0.253 vs. 0.575 ± 0.200, 0.550
± 0.187 and 0.534 ± 0.196 L·min-1, p < 0.05). No differences were found between POST 2 and
POST 3. The same results of condition on the EE-power intercept were found (p < 0.01) (Figure
4-8).
Rate of carbon dioxide production
There was a significant main effect of group (p < 0.001), condition (p < 0.01), and
relative intensity (p < 0.001) on V̇ CO2. There was a significant interaction of group and relative
intensity (p < 0.001) on V̇ CO2. See Figure 4-9 for V̇ CO2 comparisons. V̇ CO2 for Cyclists was
greater compared to Non-cyclists (2.01 ± 0.51 vs. 1.04 ± 0.54 L·min-1p < 0.001). V̇ CO2 increased
from 60% to 80% to 100% LT in both groups (1.23 ± 0.38 vs. 1.53 ± 0.38 vs. 1.82 ± 0.38 L·min1

, p < 0.001) but to a greater degree in Cyclists (p < 0.001). V̇ CO2 was greater during POST 1

compared to POST 2 and POST 3 (1.65 ± 0.42 vs. 1.48 ± 0.40 and 1.49 ± 0.40 L·min-1, p < 0.05)
and tended to be greater than PRE (1.65 ± 0.42 vs. 1.50 ± 0.42 L·min-1, p = 0.096). V̇ CO2 during
PRE, POST 2, or POST 3 were not different.
Respiratory exchange ratio

66

There was a significant main effect of condition (p < 0.001) and relative intensity (p <
0.001) on RER. This means that overall, RER was not different between Cyclists and Noncyclists (0.81 ± 0.03 and 0.80 ± 0.03). However, there was a significant interaction between
condition and group (p < 0.05) and condition and relative intensity (p < 0.05). This can be seen
in Figure 4-10 where the RER of Cyclists and Non-cyclists respond differently across conditions
and where the response of RER across conditions is influenced by the relative intensity. RER
increased from 60% to 80% to 100% LT in both groups (0.79 ± 0.02 vs. 0.80 ± 0.02 vs. 0.82 ±
0.02, p < 0.001). RER tended to be higher during POST 1 compared to PRE (0.83 ± 0.03 vs. 0.81
± 0.03, p = 0.064), POST 2 (0.81 ± 0.03 vs. 0.78 ± 0.03, p = 0.052), and POST 3 (0.81 ± 0.03 vs.
0.79 ± 0.03, p = 0.064). RER during PRE was higher compared to POST 2 and POST 3 (0.81 ±
0.03 vs. 0.78 ± 0.03 and 0.79 ± 0.03, p < 0.001). RER during POST 2 was significantly lower
compared to POST 3 (0.78 ± 0.03 and 0.79 ± 0.03, p < 0.05).
Rate of ventilation
There was a significant main effect of group (p < 0.001), condition (p < 0.001), and
relative intensity (p < 0.001) on V̇ E. There was a significant interaction between group and
relative intensity on V̇ E (p < 0.001). See Figure 4-11 for V̇ E comparisons. V̇ E for Cyclists was
greater compared to Non-cyclists (67.64 ± 17.16 vs. 37.42 ± 18.27 L·min-1, p < 0.001). V̇ E
increased from 60% to 80% to 100% LT in both groups (43.01 ± 12.76 vs. 51.93 ± 12.81 vs.
62.65 ± 12.76 L·min-1, p < 0.001) but to a greater degree in Cyclists (p < 0.001). V̇ E during
POST 1 was significantly greater compared to PRE, POST 2, and POST 3 (67.68 ± 14.85 vs.
46.98 ± 14.85, 48.83 ± 13.72, and 46.63 ± 13.72 L·min-1, p < 0.001). V̇ E during PRE, POST 2, or
POST 3 were not different.
Heart rate
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There was a significant main effect of group (p < 0.05), condition (p < 0.001), and
relative intensity (p < 0.001) on HR. There was a significant interaction between group and
relative intensity (p < 0.001). See Figure 4-12 for HR comparisons. HR for Cyclists was greater
compared to Non-cyclists (136.5 ± 13.3 vs. 125.8 ± 14.1 beats·min-1, p < 0.001). HR increased
from 60% to 80% to 100% LT in both groups (120.8 ± 9.9 vs. 130.7 ± 9.9 vs. 142.0 ± 9.9
beats·min-1, p < 0.001) but to a greater degree in Cyclists (p < 0.001). HR across all conditions
were significantly different than one another. HR during PRE was significantly lower compared
to POST 1, POST 2, and POST 3 (123.0 ± 11.5 vs. 139.6 ± 11.5, 134.1 ± 10.6, and 128.0 ± 10.6
beats·min-1, p < 0.001). HR during POST 1 was significantly greater compared to PRE, POST 2,
and POST 3 (139.6 ± 11.5 vs. 123.0 ± 11.5, 134.1 ± 10.6, and 128.0 ± 10.6 beats·min-1, p <
0.001). HR during POST 2 was significantly greater than POST 3 (134.1 ± 10.6 vs. 128.0 ± 10.6
beats·min-1, p < 0.001).
Arterial oxygen saturation
There was a significant main effect of group (p < 0.001), condition (p < 0.01), and
relative intensity (p < 0.001) on SpO2. There was a significant interaction between group and
relative intensity (p < 0.01) on SpO2. See Figure 4-13 for SpO2 comparisons. SpO2 for Cyclists
was lower compared to Non-cyclists (92.8 ± 1.5 vs. 95.6 ± 1.6%, p < 0.001). SpO2 decreased
from 60% to 80% to 100% LT in both groups (94.7 ± 1.2 vs. 94.2 ± 1.2 vs. 93.7 ± 1.2%, p <
0.001) but to a greater degree in Cyclists (p < 0.001). SpO2 during PRE was significantly higher
compared to POST 1 and POST 2 (95.2 ± 1.6 vs. 93.2 ± 1.6 and 93.8 ± 1.5%, p < 0.01) and there
was a trend for SpO2 to be lower compared to POST 3 (95.2 ± 1.6 vs. 94.6 ± 1.5%, p = 0.090).
SpO2 during POST 1 was significantly lower compared to PRE and POST 3 (93.2 ± 1.6 vs. 95.2
± 1.6 and 94.6 ± 1.5%, p < 0.01) and tended to be lower compared to POST 2 (93.2 ± 1.6 vs.
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93.8 ± 1.5%, p = 0.096). SpO2 during POST 2 was significantly lower compared to POST 3
(93.8 ± 1.5 vs. 94.6 ± 1.5%, p < 0.05).
Core body temperature
There was a significant main effect of group (p < 0.01), condition (p < 0.001), and
relative intensity (p < 0.001) on ∆TC. There was a significant interaction between group and
relative intensity (p < 0.001) on ∆TC. Cyclists demonstrated greater ∆TC compared to Noncyclists (0.58 ± 0.16 vs. 0.40 ± 0.16 °C, p < 0.01). ∆TC increased from 60% to 80% to 100% LT
in both groups (0.40 ± 0.12 vs. 0.49 ± 0.13 vs. 0.57 ± 0.12 °C, p < 0.001). There was a trend (p =
0.079) for ∆TC to be higher at minute 9 compared to minute 4 during PRE regardless of the
relative intensity (0.21 ± 0.23 vs. 0.08 ± 0.23 °C, p = 0.079). Because of this, the baseline
comparison was defined as PRE at minute 9 (PRE (9-min)). See Figure 4-14 and Figure 4-15 for
∆TC comparisons. The ∆TC at PRE (9-min) was 0.21 ± 0.23 °C which was not different from
PRE (4-min) or POST 3 (4-min), but was significantly lower (p < 0.05) compared to all other
measures, ranging from 0.33 to 0.86 °C. The ∆TC was significantly higher during POST 1 (4min) and POST 1 (9-min) compared to all measures during PRE, POST 2, and POST 3 (0.84 ±
0.22 and 0.86 ± 0.21 vs. range of 0.08 – 0.67 °C, p < 0.01). The ∆TC at POST 2 (4-min) and
POST 2 (9-min) were significantly lower compared to both measures during POST 1 (0.63 ±
0.21 and 0.67 ± 0.21 vs. 0.84 ± 0.22 and 0.86 ± 0.21 °C, p < 0.01), but significantly higher
compared to all measures during PRE and POST 3 (range of 0.08 – 0.33 °C, p < 0.01). The ∆TC
at POST 3 (4-min) was not different from PRE (4-min) or PRE (9-min); but at POST 3 (9-min),
the ∆TC was higher compared to PRE (9-min) (0.33 ± 0.21 vs. 0.21 ± 0.23 °C, p < 0.05).
When differences were analyzed as the absolute TC, there was a significant main effect of
condition (p < 0.001) and relative intensity (p < 0.001), but there was no effect of group or any
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interactions. TC during 100% LT was significantly higher compared to both 60% and 80% LT
(37.86 ± 0.12 vs. 37.71 ± 0.12 and 37.74 ± 0.12 °C p < 0.001). Pre-exercise TC was significantly
lower than all measures (37.29 ± 0.25 vs. range of 37.43 – 38.19 °C, p < 0.01). TC increased
from pre-exercise to PRE (4-min) and remained the same at PRE (9-min) (37.43 ± 0.24 and
37.51 ± 0.25 °C, respectively). Baseline TC was defined as PRE (9-min). The TC results across
conditions were similar to those observed in the ∆TC.
Blood lactate concentration
There was a significant main effect of condition (p < 0.001) and relative intensity (p <
0.001) on [lactate]. There was a significant interaction between group and condition (p < 0.001).
Post-hoc analysis revealed that this was only during POST 1 (Before) where Cyclists had a
significantly higher [lactate] compared to Non-cyclists immediately following SUPRA (mean ±
SD: 12.15 ± vs. 10.13 ± mM, p < 0.01). Otherwise, there was no effect of group or an interaction
between group and relative intensity, meaning that there was no difference between Cyclists and
Non-cyclists in [lactate] responses. See Figure 4-18 and Figure 4-19 for [lactate] comparisons.
There was no difference in [lactate] between PRE (Before) and PRE (After) across relative
intensities. [Lactate] during 60% LT was not different than 80% LT, but [lactate] during 100%
LT was significantly higher compared to both 60% LT and 80% LT (4.07 ± 0.76 vs. 3.71 ± 0.76
and 3.65 ± 0.77 mM, p < 0.01). [Lactate] during PRE was not different from POST 3 but was
significantly lower compared to POST 1 and POST 2 (p < 0.01). [Lactate] at POST 1 (Before)
was higher compared to all other measures (11.14 ± 1.22 mM vs. all others, p < 0.001). [Lactate]
at POST 1 (After) was lower compared to POST 1 (Before) (6.25 ± 1.20 vs. 11.14 ± 1.22 mM, p
< 0.001) and higher compared to all other measures (p < 0.001). A similar trend occurred during
POST 2 (p < 0.001) as [lactate] progressively decreased over time. There was no difference in
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[lactate] between POST 3 (Before) and POST 3 (After) and these were not different compared to
PRE (Before) (p = 0.079) or PRE (After). Furthermore, [lactate] decreased significantly during
the 10-min recovery between POST 1 and POST 2 (p < 0.001) as well as the 20-min recovery
between POST 2 and POST 3 (p < 0.01).
Rating of perceived exertion
There was significant main effect of condition (p < 0.001) and relative intensity (p <
0.001) on RPE. There was a significant interaction of group and relative intensity (p < 0.001) on
RPE as Cyclists perceived 100% LT as more difficult. There was no main effect of group or
interaction between group and condition. See Figure 4-20 and Figure 4-21 for RPE comparisons.
RPE increased significantly from 60% to 80% to 100% LT in both groups (9.4 ± 0.8 vs. 10.5 ±
0.8 vs. 11.9 ± 0.8, p < 0.001). There were no differences in RPE between PRE (4-min) and PRE
(9-min). Even though there were no differences between these measures, PRE (9-min) tended to
be higher. Also, TC has been associated to RPE [8]. Therefore, the RPE at PRE (9-min) was
defined as baseline. RPE at PRE (9-min) was significantly lower compared to POST 1 (4-min)
and POST 1 (9-min) (10.1 ± 1.5 vs. 11.5 ± 1.4 and 11.3 ± 1.4, p < 0.01), but was not different
compared to either time point during POST 2 or POST 3. Although RPE at POST 2 (4-min) and
POST 2 (9-min) (10.8 ± 1.4, p = 0.124 and 10.9 ± 1.4, p = 0.095) tended to be higher than at
PRE (9-min). RPE at POST 1 (4-min) and POST 1 (9-min) were not different from either time
point during POST 2, but were significantly higher compared to all time points during PRE and
POST 3 (p < 0.05). RPE at POST 2 (4-min) was not different compared to POST 3 (4-min) or
POST 3 (9-min), while POST 2 (9-min) was not different from POST 3 (9-min), but was
different from POST 3 (4-min) (10.9 ± 1.4 vs. 10.2 ± 1.4, p < 0.05).
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Table 4-1: Subject characteristics (mean ± SD) for Cyclists and Non-cyclists.
Cyclists

Non-cyclists

Age (yr)

26 ± 5.5

26 ± 5.0

Height (cm)

174.8 ± 9.6

159.7 ± 22.9

Weight (kg)

68.7 ± 9.6

68.0 ± 14.4

V̇ O2peak (L·min-1)*

4.45 ± 1.06

2.94 ± 0.96

Relative VO2peak (mL·kg-1·min-1)*

64.1 ± 8.1

42.4 ± 6.9

Maximal mechanical aerobic power (W)*

380.8 ± 69.0

211.0 ± 59.6

5.7 ± 0.6

3.3 ± 0.5

HRpeak (beats·min-1)

184 ± 8

184 ± 8

Mechanical power at LT (W)*

203.7 ± 47.5

88.0 ± 44.0

Relative mechanical power at LT (W·kg-1)*

3.0 ± 0.5

1.3 ± 0.5

LT as % of V̇ O2peak (%)*

72 ± 5

58 ± 8

Gross efficiency (%)*

22.0 ± 1.3

19.3 ± 1.8

110% of peak power output (W)*

409.2 ± 79.6

231.0 ± 67.5

Relative 110% of peak power output (W·kg-1)*

5.9 ± 0.6

3.4 ± 0.5

Relative maximal mechanical aerobic power
-1

(W·kg )*

V̇ O2peak, peak oxygen consumption. HRpeak, peak heart rate. LT, lactate break point.
* Significantly different between groups, p < 0.01.
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Figure 4-2. Mean ± SD V̇ O2 across conditions and relative intensities in Cyclists and Noncyclists. V̇ O2 increased significantly across relative intensities in both groups (p < 0.001). V̇ O2
was greater for Cyclists compared to Non-cyclists (p < 0.001). V̇ O2 increased across relative
intensities in both groups but to a greater degree in Cyclists (p < 0.001).
* Significantly increased compared to PRE, POST 2, and POST 3 (p < 0.05).
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Figure 4-3. Mean ± SD EE across conditions and relative intensities in Cyclists and Noncyclists. EE increased significantly across relative intensities (p < 0.001). EE was greater for
Cyclists compared to Non-cyclists (p < 0.001). EE increased across relative intensities in both
groups but to a greater degree in Cyclists (p < 0.001).
* Significantly increased compared to PRE, POST 2, and POST 3 (p < 0.05).

74

0.24

*

*
0.22

*
#

0.2

Gross efficiency (%)

#

#

0.18

0.16
Black: Cyclists
Grey: Non-cyclists

0.14

0.12

0.1

60% LT

80% LT

POST 3

POST 2

POST 1

PRE

POST 3

POST 2

POST 1

PRE

POST 3

POST 2

POST 1

PRE

0.08

100% LT

Figure 4-4. Mean ± SD GE across conditions and relative intensities in Cyclists and Noncyclists. GE increased significantly across relative intensities (p < 0.001). GE was higher for
Cyclists compared to Non-cyclists (p < 0.001). GE increased across relative intensities in both
groups but to a greater degree in Cyclists (p < 0.001).
* Significantly increased compared to POST 1 and POST 3 (p < 0.05) and trend compared to
POST 2 (p = 0.105).
# Significantly lower compared to PRE, POST 2, and POST 3 (p < 0.001).
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Figure 4-5. Mean ± SD V̇ O2-power slope developed from the three submaximal cycling bouts
(60%, 80%, and 100% LT) across conditions in Cyclists and Non-cyclists.
* Significantly lower than POST 1 and POST 2 (p < 0.05) and a trend to be lower than POST 3
(p = 0.072).
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Figure 4-6. Mean ± SD EE-power slope developed from the three submaximal cycling bouts
(60%, 80%, and 100% LT) across conditions in Cyclists and Non-cyclists.
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Figure 4-7. Mean ± SD V̇ O2-power intercept developed from the three submaximal cycling
bouts (60%, 80%, and 100% LT) across conditions in Cyclists and Non-cyclists.
* Significantly greater than PRE, POST 2, and POST 3 (p < 0.05).
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Figure 4-8. Mean ± SD EE-power intercept developed from the three submaximal cycling bouts
(60%, 80%, and 100% LT) across conditions in Cyclists and Non-cyclists.
* Significantly greater than PRE, POST 2, and POST 3 (p < 0.05).
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Figure 4-9. Mean ± SD V̇ CO2 across conditions and relative intensities in Cyclists and Noncyclists. V̇ CO2 increased significantly across relative intensities (p < 0.001). V̇ CO2 was greater
for Cyclists compared to Non-cyclists (p < 0.001). V̇ CO2 increased across relative intensities in
both groups but to a greater degree in Cyclists (p < 0.001).
* Significantly increased compared to POST 2 and POST 3 (p < 0.05) and trend compared to
PRE (p = 0.096).
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Figure 4-10. Mean ± SD RER across conditions and relative intensities in Cyclists and Noncyclists. RER increased significantly across relative intensities (p < 0.001). There was a
significant interaction between condition and group and condition and relative intensity (p <
0.05). POST 1 tended to be higher compared to POST 2 (p = 0.052) and POST 3 (p = 0.064).
* Significantly higher compared to POST 2 and POST 3 (p < 0.001) and a trend compared to
POST 1 (p = 0.064).
^ Significantly lower compared to POST 3 (p < 0.05).
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Figure 4-11. Mean ± SD V̇ E across conditions and relative intensities in Cyclists and Noncyclists. V̇ E increased significantly across relative intensities (p < 0.001). V̇ E was greater for
Cyclists compared to Non-cyclists (p < 0.001). V̇ E increased across relative intensities in both
groups but to a greater degree in Cyclists (p < 0.001).
* Significantly increased compared to PRE, POST 2, and POST 3 (p < 0.001).
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Figure 4-12. Mean ± SD HR across conditions and relative intensities in Cyclists and Noncyclists. HR increased significantly across relative intensities (p < 0.001). HR was greater for
Cyclists compared to Non-cyclists (p < 0.001). HR increased across relative intensities in both
groups but to a greater degree in Cyclists (p < 0.001).
* Significantly lower compared to POST 1, POST 2, and POST 3 when combined (p < 0.001).
# Significantly higher compared to PRE, POST 2, and POST 3 (p < 0.001).
^ Significantly lower compared to POST 1 (p < 0.001) and significantly higher compared to
POST 3 (p < 0.001).
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Figure 4-13. Mean ± SD SpO2 across conditions and relative intensities in Cyclists and Noncyclists. SpO2 decreased significantly across relative intensities for Cyclists (p < 0.01) but not for
Non-cyclists. SpO2 was higher for Cyclists compared to Non-cyclists (p < 0.001). SpO2
decreased across relative intensities in both groups but to a greater degree in Cyclists (p < 0.001).
* Significantly higher compared to POST 1, POST 2 (p < 0.01) and a trend in POST 3 (p =
0.090).
# Significantly lower compared to PRE and POST 3 (p < 0.01) and a trend in POST 2 (p =
0.096).
^ Significantly lower compared to POST 3 (p < 0.05).
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Figure 4-14. Mean ± SD change in TC from pre-exercise (∆TC) across conditions in Cyclists.
∆TC increased from 60% to 80% to 100% LT (p < 0.01).
* Significantly increasing from PRE (p < 0.05).
# Significantly greater than PRE, POST 2, and POST 3 (p < 0.01).
^ Significantly higher compared to PRE and POST 3 (p < 0.01) and significantly lower
compared to POST 1 (p < 0.01).
† Significantly greater than PRE (4-min) (p < 0.05).
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Figure 4-15. Mean ± SD change in TC from pre-exercise (∆TC) across conditions in Noncyclists. ∆TC increased from 60% to 80% to 100% LT (p < 0.01).
* Significantly increasing from PRE (p < 0.05).
# Significantly higher than PRE, POST 2, and POST 3 (p < 0.01).
^ Significantly higher compared to PRE and POST 3 (p < 0.01) and significantly lower
compared to POST 1 (p < 0.01).
† Significantly higher than PRE (4-min) (p < 0.05).
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Figure 4-16. Mean ± SD absolute TC changes across conditions in Cyclists. TC during 100% LT
was significantly higher compared to both 60% and 80% LT (p < 0.001); 60% LT tended to be
lower than 80% (p = 0.054).
† Significantly lower compared to all conditions (p < 0.01) except PRE (4-min).
* Significantly increasing from PRE (9-min) (p < 0.05).
# Significantly higher than PRE, POST 2 (4-min), and POST 3 (p < 0.05).
^ Significantly higher compared to PRE and POST 3 (p < 0.01) and significantly lower
compared to POST 1 (p < 0.01).
‡ Significantly higher than Pre-exercise, PRE (4-min), and PRE (9-min) (p < 0.05).
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Figure 4-17. Mean ± SD absolute TC changes across conditions in Non-cyclists. TC during 100%
LT was significantly higher compared to both 60% and 80% LT (p < 0.001); 60% LT tended to
be lower than 80% (p = 0.054).
† Significantly lower compared to all conditions (p < 0.01) except PRE (4-min).
* Significantly increasing from PRE (9-min) (p < 0.05).
# Significantly higher than PRE, POST 2 (4-min), and POST 3 (p < 0.05).
^ Significantly higher compared to PRE and POST 3 (p < 0.01) and significantly lower
compared to POST 1 (p < 0.01).
‡ Significantly higher than Pre-exercise, PRE (4-min), and PRE (9-min) (p < 0.05).
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Figure 4-18. Mean ± SD blood [lactate] across conditions in Cyclists. Samples were taken 1-min
before (Before) and 1-min after (After) the submaximal cycling bouts. [Lactate] was higher
during 100% LT compared to 60% and 80% LT (p < 0.01).
* Significantly higher than PRE, POST 1 (After), POST 2, and POST 3 (p < 0.001). Significantly
higher than Non-cyclists (p < 0.05) (see Figure 4-19).
# Significantly lower than POST 1 (Before) (p < 0.001) and significantly higher than PRE, POST
2, and POST 3 (p < 0.001).
^ Significantly lower than POST 1 (p < 0.001) and significantly higher than PRE, POST 2
(After), and POST 3 (p < 0.001).
& Significantly lower than POST 1 and POST 2 (p < 0.001) and significantly higher than PRE (p
< 0.05). Trend to be higher than POST 3 (Before) (p = 0.086) and POST 3 (After) (p = 0.054).
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Figure 4-19. Mean ± SD blood [lactate] concentration across conditions in Non-cyclists.
Samples were taken 1-min before (Before) and 1-min after (After) the submaximal cycling bouts.
[Lactate] was higher during 100% LT compared to 60% and 80% LT (p < 0.01).
* Significantly higher than PRE, POST 1 (After), POST 2, and POST 3 (p < 0.001). Significantly
lower than Cyclists (p < 0.05) (see Figure 4-18).
# Significantly lower than POST 1 (Before) (p < 0.001) and significantly higher than PRE, POST
2, and POST 3 (p < 0.001).
^ Significantly lower than POST 1 (p < 0.001) and significantly higher than PRE, POST 2
(After), and POST 3 (p < 0.001).
& Significantly lower than POST 1 and POST 2 (p < 0.001) and significantly higher than PRE (p
< 0.05). Trend to be higher than POST 3 (Before) (p = 0.086) and POST 3 (After) (p = 0.054).
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Figure 4-20. Mean ± SD RPE across conditions in Cyclists. RPE increased from 60% to 80% to
100% LT (p < 0.001). Cyclists perceived the 100% LT bouts as more difficult than Non-cyclists
(p < 0.05) (see Figure 4-21). There was no effect of group.
* Significantly greater than PRE, POST 1, POST 2, and POST 3 (p < 0.001).
# Significantly greater than PRE and POST 3 (p < 0.05).
^ Significantly greater than PRE (4-min). POST 2 (9-min) significantly greater than POST 3 (4min) (p < 0.05).
& Significantly greater than PRE (4-min) (p < 0.05) but not different than PRE (9-min).
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Figure 4-21. Mean ± SD RPE across conditions in Non-cyclists. RPE increased from 60% to
80% to 100% LT (p < 0.001). Cyclists perceived the 100% LT bouts as more difficult than Noncyclists (p < 0.05) (see Figure 4-20). There was no effect of group.
* Significantly greater than PRE, POST 1, POST 2, and POST 3 (p < 0.001).
# Significantly greater than PRE and POST 3 (p < 0.05).
^ Significantly greater than PRE (4-min). POST 2 (9-min) significantly greater than POST 3 (4min) (p < 0.05).
& Significantly greater than PRE (4-min) (p < 0.05) but not different than PRE (9-min).
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Discussion
These results demonstrate a transient increase in the energetic cost of cycling at the same
mechanical power output after supramaximal cycling bouts in both Cyclists and Non-cyclists.
Specifically, V̇ O2 and EE were increased by 12% and GE was decreased by 10% over 10 min of
cycling immediately following prior supramaximal cycling. After ~20 min of recovery, most
physiological measures were not different compared to moderate cycling before supramaximal
cycling, with the exception of TC and HR which remained elevated until the end of exercise. This
occurred in both Cyclists and Non-cyclists. The fact that the V̇ O2-power and EE-power
intercepts were increased with no change in the slope immediately following prior supramaximal
cycling indicates a greater constant energy cost regardless of mechanical power output. This is
likely attributed to a greater baseline V̇ O2 (and EE), increases in cardio-respiratory work, as well
as the influence of TC.
When exercising above the LT, the influence of the V̇ O2 slow component will impact
physiological measures independent of other stimuli [22]. It was shown here that Cyclists and
Non-cyclists were cycling below the LT regardless of the relative intensity; thus, the responses
during sub-LT cycling can be almost entirely attributed to the supramaximal cycling bouts.
However, TC increased over time within conditions (perhaps with the exception of 60% LT)
which may have influenced energetics (discussed below) [17, 18, 26]. It is also important to
point out that prescribing power outputs based upon a percent of each subject’s LT provided a
valid comparison between Cyclists and Non-cyclists. The fact that RER, [lactate], and RPE were
not different between groups supports that the relative intensities were well matched.
Factors related to endurance training (V̇ O2peak and V̇ O2 response time during exercise
transition) have been shown to influence the energetic response during sub-LT exercise
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following prior exercise [14, 16]. It is surprising then that between our very different groups
there was no difference in their energetic response to sub-LT cycling after prior supramaximal
cycling (i.e. no interaction between group and condition). This is especially true considering that
in our study Cyclists had mean V̇ O2 peak of 64.1 ± 8.1 mL·kg-1·min-1 and were specifically
trained in cycling, while Non-cyclists had a mean V̇ O2peak of 42.4 ± 6.9 mL·kg-1·min-1 and were
not cycling for exercise nor had a history of competitive cycling. These differences seem like
they would augment potential differences between groups across conditions, yet this was not
apparent in our results. This may be explained by a lack of power to detect these changes due to
a small sample size within each group. Not surprisingly, there were greater changes in most of
the physiological measures with increasing relative intensity in Cyclists (i.e. V̇ O2, V̇ CO2, EE,
GE, V̇ E, HR, SpO2, and ∆TC), as shown in the interaction between group and relative intensity.
This can be explained by the fact the differences in power output between 60%, 80%, and 100%
LT were larger simply because the Cyclists’ power at LT was higher. Interestingly, the absolute
TC was not different while the ∆TC was different between groups. This implies that Cyclists’
thermoregulatory response was greater due to the ability to dissipate a greater thermal load
(higher power output). Overall, however, in contradiction to our hypothesis, Cyclists and Noncyclists did not respond differently across conditions following prior supramaximal cycling.
It is difficult to compare our findings to those found in the literature since this is the first
study to our knowledge to examine the influence of prior supramaximal exercise on the energetic
effects of subsequent sub-LT exercise. Nevertheless, our findings are in agreement with some
[10, 14,15, 16, 27, 33] but not all studies [13, 25] that have examined the effects of prior heavy
exercise on subsequent sub-LT exercise. The classic studies cited to support the idea that prior
exercise does not impact V̇ O2 of moderate exercise is complicated by the fact that steady state
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V̇ O2 (or total V̇ O2 or end-exercise V̇ O2) were not reported [13, 25]. Those authors were focused
on the V̇ O2 kinetics at the onset of exercise and determined that prior exercise did not influence
V̇ O2 during subsequent moderate exercise based on the modeling of the V̇ O2 amplitude (the
asymptote of the exponential rise of V̇ O2) [13, 25]. Thus it is difficult to conclude from those
studies if prior exercise affects steady state V̇ O2.
Studies since have shown V̇ O2 to be increased during sub-LT exercise following prior
heavy exercise [10, 14, 15, 16, 27, 33]. Potential contributors to the increase in energetics
following prior exercise include an elevated baseline V̇ O2 (V̇ O2 at rest or recovery before
exercise) [10, 14, 15, 16, 27, 33], a decrease in skeletal muscle efficiency [14], an increase in
cardio-respiratory work [33], in addition to energy needs of other biological systems and
potentially an elevated TC [17, 26].
Gonzales et al. [14] demonstrated that the magnitude of the increase in V̇ O2 was related
to the recovery duration, with greater increases after 30 sec of recovery versus 6 min. Spencer et
al. [33] prolonged the recovery and demonstrated a greater V̇ O2 at 6 min post-recovery compared
to 20 min, although the difference between them was small (~0.30 L·min-1). V̇ O2 was increased
even though baseline V̇ O2 had returned to control levels after 20 min [33]. EE was not reported
which considers substrate utilization shifts; however, they do report GE (calculated from EE)
which was shown to be significantly lower after prior exercise compared to before (16.7 vs.
17.4%, p < 0.05) [33]. This accounted for a calculated increase of ~10 kcal over 30 min [33].
Our results do not support an increased V̇ O2 or EE after ~20 min [33]. Keep in mind that our
protocol included multiple moderate cycling bouts following supramaximal cycling which may
have differentially affected recovery when comparing between studies. However, GE was
significantly reduced during POST 3 compared to PRE which represents an insignificant increase
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in energy cost of 1-3 kcal over 10 min (depending on relative intensity), similar to that found by
Spencer et al. [33]. We did not assess baseline V̇ O2 (EE), but based on the results of others [10,
14, 15, 16, 27, 33], baseline metabolic rate likely influenced V̇ O2 (EE) during POST 1, but likely
did not influence the following moderate cycling bouts. The finding that GE was lower during
POST 3 may be attributed to other factors that influence EE that persisted for 52 min, including
HR and TC discussed below.
To examine the role of skeletal muscle energetics, Gonzales et al. [14] compared the
response in surface electromyography to the increase in V̇ O2 during moderate exercise
performed after prior exercise at ~80% V̇ O2peak. Their results indicate that additional fibers were
not recruited nor was there a preferential recruitment of type II fibers following prior exercise
[14]. Based on this finding, they speculate the possibility of a decrease in efficiency in already
recruited fibers [14]. Changes in the EE-power slope between conditions would reflect altered
skeletal muscle efficiency with increasing work [4, 30]. Since the EE-power slope was not
different between conditions in our results, this implies that skeletal muscle efficiency with
increasing power was not altered [4, 30]. However, the V̇ O2-power and EE-power intercepts
were significantly greater during sub-LT cycling following prior supramaximal cycling, which
represents the constant energy cost of biological systems with increasing work [11, 30].
Interpreting this can be difficult since all biological systems have a “maintenance” metabolic rate
during exercise, including the working skeletal muscle [11]. This suggests a greater metabolic
rate within working skeletal muscle, regardless of the power output. In other words, skeletal
muscle efficiency may have decreased but not in relation to increasing work. It is certainly
possible that other biological systems may have contributed to the increased V̇ O2 and EE;
however, determining this is not possible based on the measured physiological variables in this
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study. But the greater V̇ O2-power and EE-power intercepts do support the influence of an
elevated HR, V̇ E, and TC.
The only study to focus on steady state HR over a prolonged bout of exercise is the study
by Spencer et al [33]. Heart rate was significantly elevated before and during the 30-min sub-LT
exercise bout performed after prior exercise as compared to before, with no differences in HR
between the 6-min and 20-min recovery conditions [33]. We show a significantly elevated HR
during POST 1, POST 2, and POST 3 compared to PRE, and that HR significantly and
progressively decreased over time across conditions. The calculated contribution of increased
cardiac work to the increased V̇ O2 during POST 1 is ~1-2.5% [24]. V̇ O2 and EE were not
elevated during POST 2 and POST 3 compared to PRE, while HR remained greater than PRE to
the end of exercise. This may be attributed to the influence of a greater TC on cardiovascular
stress and the related increase in HR [18]. Additionally, it is speculated that the concentration of
circulating catecholamines was increased after supramaximal cycling resulting in an increased
HR [32, 36]. However, the possible influence of these factors on HR during POST 2 and POST 3
was not large enough to significantly impact V̇ O2 or EE based on the results presented.
Respiratory muscle work increases with increasing V̇ E which contributes to V̇ O2 [1].
Spencer et al. [33] report an increased V̇ E over 30 min following either 6 min or 20 min of
recovery from prior exercise. The calculated contribution of increased respiratory work to the
increase in V̇ O2 was low at ~4.5% (averaging both conditions) [33]. This is explained by a small
increase in V̇ E of 2.8 L·min-1 compared to the larger 19.9 L·min-1 increase in V̇ E we observed
during POST 1 (average increase from PRE to POST 1 across relative intensities and combining
groups). Therefore, our findings show that respiratory work or cardio-respiratory work
contributed ~23% or ~25%, respectively, to the increase in V̇ O2 during POST 1.
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The greatest increase in TC occurred during POST 1 when V̇ O2 or EE were elevated
which implies that TC may have influenced this response, possibly through an increase in cardiac
work [18, 24] and/or an increased metabolic rate of other tissues due to the Q10 effect (increase in
enzymatic reaction rate with increasing temperature) [17, 26]. The magnitude of the effect is
difficult to determine, however, considering that V̇ O2 and EE were not elevated beyond POST 1
while TC remained higher than PRE to the end of POST 3. It is interesting that the pattern of TC
across conditions resembled most closely that of HR and [lactate] regardless of the relative
intensity. Thermal stress is related to cardiovascular stress resulting in tachycardia due to blood
flow redistribution and dehydration outside the influence of an increasing work rate and also an
elevated [lactate] [18].
The response of RER was different between groups across conditions and relative
intensities. RER was lower in Non-cyclists compared to Cyclists. In general though, RER in both
groups decreased substantially after supramaximal cycling bouts and remained lower through
POST 3. Similar findings have been reported by others [6, 13, 31, 34]. The drop in RER has been
attributed to multiple mechanisms [6, 13, 34]. First, during exercise following prior
heavy/supramaximal exercise, there is a greater reliance on oxidative metabolism reducing
lactate production [13, 34]. This, in combination with greater lactate clearance, reduces
bicarbonate buffering and therefore V̇ CO2 and RER [13, 34]. Second, the hyperventilatory
response following prior supramaximal exercise may deplete CO2 stores during recovery which
would need to be replenished during the following bout of exercise [34]. Third, glycogen
depletion has also been shown to occur after multiple bouts of prior supramaximal exercise
reducing RER during subsequent submaximal exercise [6]. Fourth, our subjects were in a fasted
state for at least 2.5 hours prior to beginning testing which likely increased the reliance on fat
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oxidation. Altogether, these mechanisms would reduce V̇ CO2 during the following bouts of
exercise [6, 13, 34].
Conclusion
The energetics of exercise below the lactate threshold are transiently increased after prior
supramaximal exercise in both endurance trained cyclists and recreationally active non-cyclists.
After ~20 minutes, most physiological measures returned to normal (pre-supramaximal
exercise), except for heart rate and core temperature which remained elevated to the end of
exercise. Though the fact that gross efficiency was reduced during the last bout of moderate
exercise following 52 min of recovery suggests the possibility of compromised energy
expenditure. Differences in cardio-respiratory fitness (i.e. V̇ O2peak) or cycling background did not
appear to affect the energetic response across multiple moderate exercise bouts following prior
supramaximal exercise. Based on these findings, the influence of prior supramaximal exercise on
physiological measures should therefore be considered when quantifying energy expenditure in
situations with similar intensities and timing, regardless of fitness and training background.
Furthermore, these results show that using a percent of maximal heart rate to prescribe or
quantify relative intensity becomes problematic after prior supramaximal exercise. Lastly, an
increased core temperature above baseline continued through the end of exercise suggesting a
persistent thermal load. Since thermal stress is related to performance and health, this should also
be considered during moderate exercise following prior supramaximal exercise.
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CHAPTER V
A COMPARISON OF THE V̇ O2-POWER RELATIONSHIP BELOW AND ABOVE THE
LACTATE THRESHOLD DURING A GRADED EXERCISE PROTOCOL
Abstract
Purpose: The purpose of this study was to compare the changes in the oxygen consumption
(V̇ O2)-mechanical power and rate of energy expenditure (EE)-mechanical power relationships
below (BLT) and above (ALT) the lactate threshold (LT). Methods: Eighteen subjects (13 males,
5 females) who were part of a larger protocol were used for this analysis. Subjects performed a
graded exercise protocol on a bicycle ergometer. Initial power outputs were determined based
upon subject mass and training status. Workloads were increased by 30-watt (W) increments
every 4 min until exhaustion in order to obtain cycling efficiency/economy, power at LT, and
V̇ O2peak. Metabolic variables and blood samples were measured and performed during each
stage. Linear regressions were developed BLT and ALT for V̇ O2-power and energy expenditurepower (EE-power) relationships. In order to be included in this study, subjects had to complete at
least 3 BLT and ALT stages. Results: The individual R2 values for V̇ O2-power and EE-power
relationships at both BLT and ALT were 0.93 or higher. The mean ± SD V̇ O2-power slopes (mL
O2·min-1·W-1) and intercepts (mL O2·min-1) for ALT were significantly (p < 0.01) steeper and
lower than the mean BLT slope and intercept (Slope: ALT = 12.7 ± 2.9 vs. BLT = 8.8 ± 1.7;
Intercept: ALT = -146.2 ± 617.1 vs. BLT = 656.2 ± 186.8). The mean ± SD EE-power slopes
(kcal·min-1·W-1) and intercepts (kcal·min-1) for ALT were significantly (p < 0.01) steeper and
lower than the mean BLT slope and intercept (Slope: ALT = 66.8±14.6 vs. BLT = 44.7 ± 8.6;
Intercept: ALT = -1623.8 ± 3248.3 vs. BLT = 2934.3 ± 917.0). Conclusion: The relationship
between either V̇ O2 or the rate of energy expenditure to mechanical power results in an increased
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oxidative energy requirement (i.e. decreased cycling efficiency/economy) relative to mechanical
power above the lactate threshold during a graded bicycle test with 4 min stage lengths.
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Introduction
During exercise, oxygen consumption (V̇ O2) increases linearly with increasing
mechanical work up to the lactate threshold (LT) [50]. Above the LT, the linearity of the V̇ O2mechanical power relationship (slope, mL·min-1·W-1) is unclear [4, 36, 52]. Traditionally, a
graded exercise test has been used to determine this relationship. Graded exercise tests
progressively increase external mechanical work rate at fixed time intervals which can vary from
1-6 min. Yet in order to collect steady state V̇ O2 values, stage lengths must be over 2 min long
[17, 50]. Upon reaching steady state, V̇ O2 reflects the total energy cost of the external
mechanical work rate and also reflects the V̇ O2 of working skeletal muscle [41]. Thus, when the
slope is derived from the energy expenditure (EE)-mechanical power relationship whole body
energetic cost at a specific work rate can be estimated. This is important to estimating EE which
impacts an individual’s weight management strategy [2, 29, 34, 37] and in determining the
accumulated O2 deficit [8, 36] used to evaluate an individual’s anaerobic capacity [21].
However, if the slope is different below and above the LT, this confounds the V̇ O2-power (EEpower) relationship which then makes these estimates problematic.
Current evidence exists for an increase [19, 33, 51, 52, 54], a decrease [4, 45], and no
change [35, 36] in the slope of the V̇ O2-power relationship above the LT. The differences in
these responses are complicated by the types of graded exercise test (GXT) protocols (e.g.
continuous vs. discontinuous and/or differences in stage length) and population under study (e.g.
endurance trained vs. untrained/physically active). The studies that observe an increase in the
slope attribute this to the accumulated effects of the V̇ O2 slow component [11, 19, 53],
commonly defined as a continued increase in V̇ O2 occurring after 3 min of constant work rate
exercise above the LT [11, 20]. Alternatively, the most sound reasoning for a decrease in the
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slope above the LT is an increase in non-oxidative energy contributions [4, 38] or an increase in
less oxidative type II skeletal muscle fiber recruitment [4, 45]. Lastly, no change in the slope
could be due to the constant energy requirement within skeletal muscle to elicit cross-bridge
cycling regardless of the mechanical work rate [35, 36]. Clearly, multiple factors can influence
the relationship between V̇ O2 and power during a GXT.
The study presented here was part of a larger study examining the use of linear regression
equations to estimate EE from power output which included 30 subjects (males and females) of
varying fitness levels. All subjects performed GXT as a part of this larger study and we took this
opportunity to analyze a subset of data (n = 18) to investigate the altered relationship of V̇ O2power (EE-power) about the LT. Stage lengths of 3-6 min are commonly used to assess steady
state V̇ O2 as well as blood lactate concentration ([lactate]) across power outputs. We therefore
wanted to compare the V̇ O2-power and EE-power relationships below and above the LT in a
large sample of 18 subjects with varied training backgrounds using our laboratory protocol.
Based on the similarities of our laboratory’s protocol to that of others [33, 51, 52, 54], the
hypothesis was that the slope of V̇ O2-power relationship would be greater above the LT (ALT)
compared to below the LT (BLT).
Methods
Subjects
Eighteen subjects (13 males, 5 females) who were part of a larger protocol were used for
this analysis (Table 5-1). All subjects were recruited from Boulder, CO and were required to
have resided at an altitude of approximately 1625 m (5,331 ft) for at least three weeks preceding
the first visit and to remain at a similar altitude for the duration of the study. Subjects exercised
between 2.5 and 18.0 h·wk-1 meeting the 2011 American College of Sports Medicine guidelines
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for being physically active [12]. There was no limit to maximum exercise volume. Subjects
completed a Physical Activity Readiness Questionnaire to confirm they had no contraindications
for participating in the study procedures. All subjects gave written informed consent, which was
obtained by a research investigator prior to participation. This project was approved by the
Institutional Review Board of the University of Colorado Boulder. As mentioned above, this
study was a part of a larger study. Because of this, some of the methodology is repeated here to
assist the readers in understanding our methodological approach.
Procedures
Subjects participated in a continuous, incremental, GXT to determine peak V̇ O2
(V̇ O2peak), power at LT, gross efficiency, and the V̇ O2-power and EE-power relationships. V̇ O2,
carbon dioxide production (V̇ CO2), ventilation (V̇ E), and heart rate (HR) were measured
continuously during all cycling bouts. Subjects performed all testing sessions on either the
laboratory iso-power bicycle ergometer (Lode Excalibur, Groningen, Netherlands) or their own
bicycle equipped with our laboratory’s rear wheel based power meter (PowerTap, Madison, WI)
mounted on our laboratory’s electronically braked bicycle trainer (CompuTrainer RacerMate Inc,
Seattle, WA). One subject used his own bicycle, while 17 subjects used the laboratory bicycle
ergometer. The bicycle-mounted power meters utilized in this study have been previously
validated [12, 13]. A standard floor fan was used to cool subjects during the test sessions. All
tests were conducted at an altitude of 1625 m (5330 ft) at 21.0 ± 2.9 °C and 624.9 ± 4.4 mmHg.
A ParvoMedics TrueOne 2400 open circuit indirect calorimetry system (Sandy, UT,
USA) was used to measure V̇ O2, V̇ CO2, V̇ E (BTPS), and respiratory exchange ratio (RER)
providing 15 sec averages for these measurements. EE was calculated from V̇ O2 and RER [40].
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Heart rate was measured continuously using a Polar chest strap (Polar Electro, Finland)
connected wirelessly to the Parvo Medics TrueOne 2400. The indirect calorimetry system was
calibrated before each testing session. Gas fractions were calibrated with a primary standard gas
mixture within a physiological range (16.01% O2 and 4.01% CO2). The volume was calibrated
using a 3-L syringe at five distinct flow rates within an expected range of the study protocol.
Calibration was considered to be complete when the recorded low and high volumes were within
3% of the calibration volume and gas fractions were ± 0.02% of the primary standard gas
mixture. For the one subject who was tested on their own bicycle, the PowerTap power meters
were zeroed at zero torque while pedals were stationary and unloaded as recommended by the
manufacturer. The typical error of 𝑉𝑂# measurements in our lab has previously been determined
to be 0.052 L·min-1 (95 % CI: 0.045 – 0.058 L·min-1) or 2.3% across power outputs of 90 to 240
watts (W) [22], comparable to what others have reported [3, 5].
Graded exercise test (GXT)
Briefly, the GXT protocol began with an initial blood lactate sample while the subject
was seated on the bicycle ergometer. Subjects then warmed up at a self-selected power output
(between 20-70 W and lower than the starting power output for the GXT) and cycling cadence
for approximately 2-5 min. The initial power output for the GXT was determined based upon the
subject’s fitness level and training status with the prescribed power outputs ranging between 50
and 100 W. Power output was increased by 30 W every 4 min until volitional exhaustion or until
the subject was unable to maintain cycling cadence (decrease of 10 revolutions per minute, rpm).
Subjects were encouraged to go as long as possible during the GXT. To be included in this study,
subjects had to complete at least three stages below LT and three stages above LT.
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During the last minute of each stage, a capillary finger blood sample was collected for
determining the lactate threshold. Peak HR (HRpeak) was considered the highest 15-sec average
heart rate achieved during the test. V̇ O2peak was determined by averaging three consecutive 15sec values, including the highest 15-sec 𝑉𝑂# achieved during the test. Adjusted maximal aerobic
power (MAPadj) was calculated as the highest power output adjusted for time [10]: MAPadj =
(t/240 x 30) + (PO - 30), where t is time spent at power output, 240 is the stage length in
seconds, 30 is the increase in power per stage, PO is the highest power output reached. Gross
efficiency (GE) was calculated as the mechanical power divided by metabolic power and
averaged across all completed stages. The slope and intercept for the linear regressions for V̇ O2mechanical power (V̇ O2-power) and EE-mechanical power (EE-power) were calculated BLT and
ALT from the last 2 min of data for V̇ O2 and EE.
Blood lactate analysis
For all capillary finger blood lactate samples, approximately 50 µL of whole blood were
drawn into a heparinized capillary tube from blood on the pricked finger. From this, 25 µL of
whole blood were transferred into a 500 µL microcentrifuge tube filled with a 50 µL buffer
solution containing a lysing agent (octylphenoxethanol) and glycolytic inhibitor (sodium-fluoride
anhydrous). The blood-buffer solution was vortexed and analyzed in duplicate using a YSI 2300
Stat Plus lactate analyzer (Yellow Springs Instruments Co., Inc. Yellow Springs, OH). Capillary
finger blood lactate samples not immediately analyzed were stored for up to 7 days at
approximately 4 ºC and then analyzed. The YSI 2300 Stat Plus lactate analyzer was calibrated
against a standard solution before sampling blood lactate as well as every 5 samples or 15 min.
To determine LT, individual subjects’ blood lactate concentrations at each stage of the GXT
were plotted against power output and a baseline blood lactate concentration was determined by
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at least three trained research personnel. The power output that occurred at 1 mM above the
baseline blood lactate concentration was defined as LT [9].
Statistics
V̇ O2 was a primary outcome variable and was used to calculate the required sample size
of 18 to detect a 2.3% change in V̇ O2 with a power value of 80% (b = 0.2) and a 5% Type I error
rate (a = 0.05) [18]. This was based on a 2.3% typical error of our indirect calorimetry system
across mechanical power outputs [22]. Linear regressions for BLT and ALT and corresponding
correlations were developed using Microsoft Office Excel (Microsoft Corporation, Redmond,
WA). Independent t-tests were used to compare differences in subject characteristics between
sexes using Microsoft Office Excel. Paired t-tests were used to compare group means between
BLT and ALT for the slope and intercept using IBM SPSS Statistics version 21 (IBM Corporation,
Armonk, New York). Values are reported as mean and standard deviation (mean ± SD). The
level of significance is p = 0.05 unless stated otherwise. Trends were defined as a p-value
between 0.051 and 0.100.
Results
Subject characteristics
Select subject characteristics for the 18 subjects analyzed are presented in Table 5-1.
There were no differences in age or weight between males and females, but males were
significantly taller than females (177.4 ± 7.8 vs. 167.0 ± 5.7 cm, p < 0.01). Males had
significantly higher values (p < 0.05) compared to females in V̇ O2peak (3.79 ± 0.69 vs. 2.77 ±
0.41 L·min-1), MAP (301 ± 34 vs. 264 ± 19 W), MAPadj (287 ± 37 vs. 247 ± 22 W), and power at
LT (198 ± 27 vs. 158 ± 27 W). These same physiological measures were not different between
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sexes when normalized for body weight. GE tended to be lower in males compared to females
(21.6 ± 2.4 vs. 24.3 ± 2.4%, p = 0.07), which is likely driven by one female subjectwith a high
GE of 28%. (See also Chapter III Table 3-1 for subject characteristics of all 30 subjects.)
V̇ O2-power and EE-power regressions
The individual R2 values for V̇ O2-power and EE-power relationships at both BLT and ALT
were 0.93 or higher. Group mean R2 values were not different between BLT and ALT for V̇ O2power (0.99 ± 0.02 and 0.99 ± 0.01) or EE-power (0.99 ± 0.01 and 0.99 ± 0.01). The V̇ O2-power
slope (mL O2·min-1·W-1) for BLT and ALT for males were significantly greater than for females
(M: 9.16 ± 1.68 and 12.71 ± 2.86 vs. F: 7.85 ± 0.77 and 10.93 ± 0.69, p < 0.05). There were no
sex differences in the V̇ O2-power intercepts for either BLT or ALT. Similar results were found for
the EE-power relationship. Note that both males and females responded similarly below and
above the LT. Because of this, sexes were combined for the overall analysis. The V̇ O2-power
slope (mL O2·min-1·W-1) and intercept (mL O2·min-1) for ALT were significantly (p < 0.01)
steeper and lower than the BLT slope and intercept (Slope: ALT = 12.7 ± 2.9, BLT = 8.8 ± 1.7;
Intercept: ALT = -146.2 ± 617.1, BLT = 656.2 ± 186.8). See Figure 5-1, Figure 5-3, and Figure 54. The EE-power slope (kcal·min-1·W-1) and intercept (kcal·min-1) for ALT were significantly (p
< 0.01) steeper and lower than the BLT slope and intercept (Slope: ALT = 0.067 ± 0.015, BLT =
0.045 ± 0.009, Intercept: ALT = -1.62 ± 3.25, BLT = 2.93 ± 0.92). See Figure 5-2, Figure 5-5, and
Figure 5-6.
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Figure 5-1. Relationship between V̇ O2 and mechanical power. Since not all subjects cycled at
the same power outputs, this figure represents the mean slope and intercept derived from each
subject’s slope and intercept. The mean slope and intercept were then used to describe the V̇ O2power relationship below (60-180 W) and above (210-300 W) the mean power at LT for the
group.
* Significantly steeper slope and lower intercept, p < 0.01.
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Figure 5-2. Relationship between EE and mechanical power. Since not all subjects cycled at the
same power outputs, this figure represents the mean slope and intercept derived from each
subject’s slope and intercept. The mean slope and intercept were then used to describe the EEpower relationship below (60-180 W) and above (210-300 W) the mean power at LT for the
group.
* Significantly steeper slope and lower intercept, p < 0.01.
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Figure 5-3. Mean ± SD V̇ O2-power slope below and above the LT.
* Significantly greater, p < 0.01.
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Figure 5-4. Mean ± SD V̇ O2-power intercept below and above the LT.
* Significantly lower, p < 0.01.
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Figure 5-5. Mean ± SD EE-power slope below and above the LT.
* Significantly greater, p < 0.01.
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Figure 5-6. Mean ± SD EE-power intercept below and above the LT.
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Discussion
The results of this study confirm that the slopes of the V̇ O2-power and EE-power
relationships were increased above the LT during a continuous, incremental, GXT. A similar
change in the relationship between V̇ O2 and mechanical power above the LT has been reported
by others [19, 33, 51, 52, 54]. The increase in the slope above LT can likely be attributed to the
accumulated effects of the V̇ O2 slow component [19, 53]. Both changes in the energetics of the
working skeletal muscle and greater cardio-respiratory work contribute to the V̇ O2 slow
component, though the primary contribution arises from working skeletal muscle [20, 42, 52].
Recent research suggests several possible mechanisms behind this including recruitment of less
efficient type II fibers [7, 26-28] and also decreased efficiency in already recruited skeletal
muscles [28, 53]. Outside of working skeletal muscle, increases in cardio-respiratory work
contribute to the V̇ O2 slow component [19, 41, 43, 46]. But it has been proposed that cardiorespiratory work ultimately is responsible for approximately 20% of the total V̇ O2 slow
component response [41].
Differences in the V̇ O2-power slope have been attributed to differences between the
protocols utilized [6]. Studies by Lucia et al. [30, 31] support a decrease in the slope above the
LT. However, those studies employed a protocol increasing work at a much more rapid rate of 25
W·min-1 [30, 31]. Certainly comparing that type of protocol to protocols with >3-min stage
lengths is limited by the fact that steady-state V̇ O2 is not achieved during in the previous
protocol. Unfortunately, not all studies are rigorous in differentiating between protocols when
comparing changes in the V̇ O2-power slope which makes elucidating possible mechanisms
difficult [4, 6, 45].
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Research focusing on GXTs with at least 3-min stage lengths differ primarily on whether
the protocol was continuous (stages in sequence without any rest/recovery within a single testing
session) or discontinuous (stages across multiple testing days with recovery between stages) [4,
19, 33, 44, 51, 52, 54]. Focusing only on those studies that utilized continuous GXT protocols
demonstrate a positive non-linear V̇ O2-power relationship above the LT [19, 33, 51, 52, 54]. This
finding is in agreement with our results, however, some studies report a positive curvilinear V̇ O2power relationship above LT [19, 52]. That may be due to a greater number of data points above
the LT (3 to 6 points) [51, 52, 54] compared to the current study (3 to 4 points) or differences in
stage length [19]. We chose to classify the relationship below and above the LT with at least 3
data points and found a strong linear relationship, as others have done [33]. It is recognized that
with more stages above LT the relationship may be curvilinear due to the increasing magnitude
of the V̇ O2 slow component with increasing work rates [19].
The study by Jones et al. [19] utilized a 7-min stage lengths which allowed them to
examine the influence of stage length. They demonstrated an increased V̇ O2-speed relationship
(increase of 0.5 km·h-1 every 7 min) above LT when V̇ O2 was measured at minute 6.38, but no
change above LT when V̇ O2 was measured at minute 3.38 [19]. In other words, a linear V̇ O2speed relationship was observed using data at 3.38 min regardless of the intensity, whereas a
non-linear V̇ O2-speed relationship was observed above the LT using data at 6.38 min. Jones et al.
[19] concluded that the difference in V̇ O2 between minute 3.38 and 6.38 represents an increased
V̇ O2 requirement at the same speed above the LT (i.e. the V̇ O2 slow component). It is intriguing
that there was no change in the V̇ O2-speed relationship above the LT when measured at minute
3.38 during running [19]. Interestingly, 3-min cycling stages result in an increased V̇ O2-power
relationship above the LT [33, 51-54], which is in agreement with our results using 4-min stages.
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Discrepancies between cycling and running protocol results may be due to a more pronounced
V̇ O2 slow component observed during cycling compared to flat running at the same relative
constant work rates [19].
It has been proposed that endurance trained populations with a greater aerobic capacity
(i.e. V̇ O2peak) exhibit a decrease in the V̇ O2-power relationship above the LT [4, 30, 31, 45].
However, the studies that report this utilized 1-min stages or discontinuous GXT protocols.
Studies that utilize continuous GXT protocols with stage lengths >3 min demonstrate an
increased V̇ O2-power relationship above the LT in subjects with varying training backgrounds
regardless of V̇ O2peak values [19, 33, 52]. Furthermore, 5-weeks of endurance training reduced
the increase in the V̇ O2-power slope above the LT but did not abolish it, although V̇ O2peak did not
increase significantly [33]. In our data set with a range of V̇ O2peak values (32.4 – 69.4 mL·kg1

·min-1), all but one subject demonstrated an increased V̇ O2-power slope above the LT compared

to below the LT which did not appear to be associated with V̇ O2peak (data not shown). Similar
results were reported by Zoladz et al. [54] where one subject demonstrated no change in the
V̇ O2-power relationship above the LT. However, all studies employing a continuous GXT
protocol with >3-min stage lengths demonstrate a mean V̇ O2-power relationship that is increased
above the LT, regardless of aerobic capacity. Taken together, this strongly suggests that that the
direction of the V̇ O2-power relationship above the LT is heavily influence by the protocol.
To our knowledge, no study has attempted to examine continuous GXTs to discontinuous
GXTs within the same subjects, which may explain the differences in the results reported.
Perhaps the accumulated effects of exercise over time during continuous GXT protocols drives
an increase in the V̇ O2-power slope above the LT. To examine this, we performed a pilot study
on different subjects (n = 4) who completed a continuous GXT (Continuous) starting at 90 W
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and increasing 30-W per 4 min. The subjects then completed a discontinuous protocol
(Discontinuous) on two separate days performing the same mechanical power outputs
(randomized across days) for 4 min with 10-min recovery intervals between them. Interestingly,
with just four subjects, we observed a significantly steeper slope in the V̇ O2-power relationship
above LT during Continuous compared to Discontinuous (0.0138 ± 0.0015 vs. 0.0095 ± 0.0010
L·min-1, p < 0.05) (Figure 5-7, Figure 5-8, and Figure 5-9). There were no differences in the
slopes between the Continuous BLT, Discontinuous BLT, and Discontinuous ALT relationships
(0.0100 ± 0.0008, 0.0100 ± 0.0008, 0.0095 ± 0.0010 L·min-1, respectively, p > 0.05). R2 was
0.994 ± 0.005 and 0.995 ± 0.005 for below and above LT during Continuous; R2 was 0.981 ±
0.033 and 0.994. ± 0.008 for below and above LT during Discontinuous. V̇ O2 was significantly
higher at 240 W and 270 W during Continuous compared to Discontinuous (3.25 ± 0.15 and 3.71
± 0.16 vs. 3.04 ± 0.12 and 3.32 ± 0.10 L·min-1, respectively, p < 0.01) (Figure 5-8). A deviation
in V̇ O2 was observed above LT during Continuous when data was analyzed as the difference
between protocols (i.e. Continuous minus Discontinuous) (Figure 5-10). In other words, the
relationship of Continuous was increased above the LT whereas the relationship of
Discontinuous remained linear above LT (Figure 5-7). Similar results were found for the EEpower relationship (Figure 5-11, Figure 5-12, Figure 5-13). This also confirms the results of the
larger study. These findings are in agreement with the reported differences in the V̇ O2-power
relationship based on the protocols of the studies above. Furthermore, these results demonstrate
that time can be saved by performing a continuous, incremental, square wave GXT instead of a
discontinuous protocol over several days to attain the V̇ O2-power (EE-power) relationship below
the LT.
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The differences in V̇ O2 and EE are likely due to the protocol and may be attributed to the
accumulated effect of exercise over time during continuous protocols. Whereas during
discontinuous protocols, these effect are not present or minimized. The only variables measured
that were different between these protocols that partially explain differences in V̇ O2 and EE were
V̇ E and HR, which were both significantly higher (p < 0.05) during Continuous at higher power
outputs (Figure 5-14 and Figure 5-15). The estimated increase in cardio-respiratory work during
Continuous was calculated to account for 12-20% of the increase in whole body V̇ O2 during
power outputs of 210 W to 270 W compared to Discontinuous [1, 23]. In terms of why HR and
V̇ E were higher during Continuous, this might be due to a higher core body temperature
developed over time [15, 16, 32, 39] and bicarbonate buffering at higher intensities [49]. In
addition, this estimated increase in cardio-respiratory work is similar to the contribution to the
V̇ O2 slow component proposed by others [24, 25, 41, 44]. This supports data suggesting that the
underlying mechanisms of the V̇ O2 slow component within working skeletal muscle influence
HR [41, 46] and V̇ E [16, 19, 46]. Considering the small sample size of four, further investigation
is required to confirm these results and elucidate other mechanisms behind differences in the
V̇ O2-power (EE-power) relationship during continuous and discontinuous GXT protocols.
Regardless, clearly the protocol influences these relationships which is partially driven by
differences in HR and V̇ E.
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Figure 5-7. Comparison of the V̇ O2-power relationship between the Continuous and
Discontinuous GXT protocol. Mean LT (…..) demarcates the mean power at LT of 207.5 W for
the subjects.
* Significantly different between protocols, p < 0.01.
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Figure 5-8. Comparison of the changes in the V̇ O2-power slope below and above LT between
the Continuous and Discontinuous GXT protocol.
* Significantly greater, p < 0.05.
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Figure 5-9. Comparison of the changes in the V̇ O2-power intercept below and above LT
between the Continuous and Discontinuous GXT protocol.
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123

0.45
0.40

Rte of oxygen consumption (L.min-1)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
60

90

120

150

180

210

240

270

300

Power output (W)

Figure 5-10. The difference in V̇ O2 between the Continuous and Discontinuous GXT protocol:
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Figure 5-11. Comparison of the EE-power relationship between the Continuous and
Discontinuous GXT protocol. Mean LT (…..) demarcates the mean power at LT of 207.5 W for
the subjects.
* Significantly different between protocols, p < 0.01.
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Figure 5-12. Comparison of the changes in the EE-power slope below and above LT between
the Continuous and Discontinuous GXT protocol.
* Significantly greater, p < 0.05.
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Figure 5-14. Differences in HR across mechanical power outputs between the Continuous and
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the subjects.
* Significantly different between protocols, p < 0.05.
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Figure 5-15. Differences in V̇ E across mechanical power outputs between a Continuous and
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Conclusion
In conclusion, a positive increase in the V̇ O2-power and EE-power slope above the LT
results from a continuous, incremental, GXT with 4-min stage lengths. This may be attributed to,
but not exclusive to, decreases in skeletal muscle efficiency and increases in cardio-respiratory
work with increasing mechanical power output. An additional factor that likely influences this
relationship is the type of exercise protocol, namely, continuous versus discontinuous. Our
preliminary results demonstrate that the V̇ O2-power (EE-power) slope is increased above the LT
when developed from a continuous GXT protocol while there is no change in the slope above the
LT when developed from a discontinuous GXT protocol. Furthermore, the fact that there was no
difference in the V̇ O2-power (EE-power) slope below the LT between continuous and
discontinuous protocols supports that a single, continuous, incremental, GXT can be employed to
save time. However, a study with a larger sample size is warranted to confirm this. Altogether,
careful consideration of the GXT protocol used to develop predictive equations is necessary as
the consequences may impair performance and health.

130

CHAPTER VI
CONCLUSION
The measurement of energy expenditure (EE) is important in basic and applied sciences
as well as in clinical settings, which includes the use of practical applications based on the
quantification of EE. We show here that other select factors affect energetics during cycling
outside that of the energy demand of muscle force generation.
We first demonstrated the importance of using power-specific gross efficiency (GE)
values in determining accurate estimates of EE from power during cycling. Second, we
demonstrated that cooling blunts the progressive rise in oxygen consumption (V̇ O2) and EE at
cycling intensities that prevent steady state. Third, we demonstrated transiently exacerbated
energetic responses during exercise following prior supramaximal exercise, and that cardiorespiratory fitness and cycling background do not appear to influence these responses differently.
Lastly, we demonstrated the potential importance of the graded exercise protocol on the
relationship of V̇ O2 and EE to mechanical power output.
Altogether, the results of these studies demonstrate that GE, thermoregulatory response,
prior supramaximal exercise, and the relationship of V̇ O2 and EE to mechanical power influence
energetics beyond the energy required to produce force. Thus, the influence of these factors
should be considered when quantifying EE, interpreting EE, or implementing the practical
applications based on EE.
Future Directions
•

Based upon the results of Chapter II, we show an improved accuracy of estimating EE
from mechanical power using different GE values in a laboratory setting. Considering the
relevant practical applications of our results, extending this study outside the laboratory
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would be beneficial. This could be accomplished by examining the accuracy of using a
laboratory derived GE-power relationship to estimate EE from power in the field
comparing this to measured EE using a portable indirect calorimetry system.
•

Based on the results of Chapter III, we found the unique finding that a synthetic longsleeve shirt designed to facilitate evaporation reduced core temperature (TC). The shirt
used in this study was comprised of 31% of the proprietary fabric. A study examining
how shirts with a higher percent of this proprietary fabric impact TC should be
investigated under the same conditions of the study presented here to provide a baseline
comparison between fabric compositions.
o The above study could be extended to determine the influence of ambient
temperature and relative humidity on the ability of the shirt(s) to reduce
TC. This could be accomplished by testing a shirt(s) under low-to-high
ambient temperatures and relative humidities at the same exercise
intensity.

•

Based on the results of Chapter V, it can be seen that our preliminary work demonstrates
the importance of protocol choice when developing V̇ O2-power (EE-power)
relationships. We found significant differences with only four subjects, yet this should be
extended to include more subjects. Additionally, a comparison between cardiorespiratory fitness (i.e. low and high V̇ O2peak) would provide insight into potential
differing responses in the V̇ O2-power (EE-power) relationships developed from
continuous and discontinuous protocols.
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