Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

2-13-2023 1:00 PM

A Comparison of Methods to Identify the Mean Response Time of
Ramp-Incremental Exercise for Exercise Prescription

Nikan Behboodpour, The University of Western Ontario

Supervisor: Belfry, Glen R., The University of Western Ontario

A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in
Kinesiology

© Nikan Behboodpour 2023

Follow this and additional works at: https://ir.lib.uwo.ca/etd

0 Part of the Exercise Science Commons

Recommended Citation

Behboodpour, Nikan, "A Comparison of Methods to Identify the Mean Response Time of Ramp-
Incremental Exercise for Exercise Prescription” (2023). Electronic Thesis and Dissertation Repository.
9132.

https://ir.lib.uwo.ca/etd/9132

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F9132&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1091?utm_source=ir.lib.uwo.ca%2Fetd%2F9132&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/9132?utm_source=ir.lib.uwo.ca%2Fetd%2F9132&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

Abstract

Introduction: The oxygen uptake (VO2) vs power output (PO) relationship from ramp incremental
exercise (RAMP) is used to prescribe aerobic exercise. As PO increases, there is a delay in VO,
that contributes to a misalignment of VO, from PO making precise prescription of exercise PO
untenable. Three methods of determining Mean Response Time (exponential modelling
(MRTEexe), linear modelling (MRTvLn), and the steady-state method (MRTss)) were compared and
evaluated for their accuracy at predicting the VO, associated with two PO below estimated lactate
threshold (A1) and one above. Methods: Ten men performed a 30W-min "t RAMP, and 3-30 min
constant PO cycle ergometer trials at the aforementioned intensities. The measured steady-state
VO, was compared to the VO, predicted after adjustment by each of the three MRTs. Results: For
all three MRT methods, predicted VO, was not different(P=1.000) from the measured, below @ r.
Conclusion: All model predictions can be used for accurate exercise prescription provided the

intensity is below 4 .

Keywords: Time Delay, VO, Kinetics, Constant Power Exercise, Correction Methods,

Exercise Intensity Domains



Summary for Lay Audience

Performing a ramp-incremental exercise test (RAMP) is of great benefit as it allows researchers to
ascertain physiological variables to prescribe exercise accurately for constant load exercise
intensities. The RAMP test also allows us to determine an individual’s lactate and respiratory
compensation thresholds, which are important in determining their exercise intensity domains
(moderate, heavy, severe), all of which are influenced by changes in metabolic pathways and the
subsequent cardiorespiratory response to increases in energy demand. However, there is an
inherent disconnect between oxygen use by the muscle and the oxygen that is measured through
expired air, as blood takes time to reach the lungs and be exhaled at the mouth. This prevents the
RAMP from being considered a precise foundation from which to prescribe exercise intensity.
There have been three models that account for this delay in order to accurately determine the
oxygen use and power output relationship derived from the RAMP test. We investigated these
three models in an effort to determine which model is the most accurate at intensities below,
slightly below, and slightly above the intensity of work that becomes more challenging.
Comparisons were made between an individual’s model-adjusted oxygen uptake derived from the
RAMP to the oxygen uptake associated with exercise at a known intensity and constant work rate.
All three correction methods resulted in a more accurate oxygen uptake to power output
relationship during exercise that was easy, however these correction models were not as accurate

at predicting the oxygen use at exercise intensities that were harder.
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Chapter 1

1 « Review of the Literature »

The ramp-incremental exercise test (RAMP) has become a staple in determining and monitoring
important physiological variables such as Gas Exchange Threshold (GET), Respiratory
Compensation Point (RCP), maximum oxygen uptake (VO2zmax), Ventilation (Ve), end-tidal partial
pressure of carbon dioxide, and end tidal partial pressure of oxygen (PetCO; and PetO;
respectively). Moreover, knowing the power outputs (PO) at which these specific thresholds and
associated metabolic and respiratory responses occur, allows researchers, physicians, and trainers
alike to provide safe and targeted exercise intensity interventions to improve health and/or athletic

performance.

During RAMP, metabolic pathways work in synchrony to meet the energy demands of the
continually increasing intensity. These energy demands of the active muscles are met using the
anaerobic (without oxygen) and aerobic (with oxygen) energy systems. The two pathways within
the anaerobic system are known as the Adenosine Triphosphate—Phosphocreatine (ATP-PCr) and
anaerobic glycolytic phosphorylation pathways, the latter using carbohydrates as a substrate
exclusively. Oxidative phosphorylation (OxPhos) may use both fats and carbohydrates as
substrates. At the onset of ramp incremental exercise, the contributions of these pathways are
regulated to provide the necessary energy required to match the demand of the intensity of the
exercise. The activation (and subsequent contribution) of each pathway is dependent on exercise
intensity (moderate, heavy, severe; these will be further defined below).

As exercise intensity increases in a linear fashion during RAMP, oxygen uptake (VO,) also
increases in a linear fashion. However, at the onset of RAMP exercise there is an inherent time
delay between oxygen uptake per minute (VO2) & power output (PO). Without accounting for this
time delay, VO, derived from ramp-incremental does not reflect the true VO, for the PO
performed. As such, using an “uncorrected” VO, from ramp-incremental exercise results in a lower
VO, than is required for that PO. This thesis will elucidate and highlight metabolic and kinetic

components that are affected by, and cause, the disconnect that exists between RAMP VO, and



the true VO2 performed at a given intensity. Finally, three correction models that have been derived
to account for this disconnect, will be discussed. The following section will go through the

interplay of metabolism and the cardiorespiratory system as PO increases during RAMP.
1.1 « Ramp-Incremental Exercise »

During RAMP, the increase in exercise intensity causes increasing disturbances to a person’s
homeostatic levels, reflected by changes in physiological responses (such as VOz, VCOg, VE,
lactate concentration; [La-], PetCO2, PetO2, VE/VCO2, Ve/VO2, VCO2/VO,). These variables can
be used to demarcate specific physiological responses that reflect an individual’s lactate threshold
(A7), RCP, and VO2zmax. (Figure 1). Until the advent of the ramp incremental test, both a step-
incremental test and a constant-power test had to be performed to obtain an individual’s
physiological parameters (Boone and Bourgois 2012b). Early work suggested that during RAMP,
VO, kinetics and power output operate using first-order linear dynamics (Whipp et al. 1981; Boone
and Bourgois 2012a) and as such, the change in gas exchange variables could be used to identify
an individual’s thresholds. Moreover, these physiological thresholds are utilized to distinguish the
change in exercise intensity domains: moderate, heavy, and severe (Poole et al. 1988; Caen et al.
2022). During RAMP exercise, the GET (reflecting the lactate threshold), and the RCP are the

thresholds that separate these three intensity domains.
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Figure 2. Schematic representation of blood-lactate, ventilatory, and gas-exchange variables: maximum oxygen uptake
(VOamax), Ventilation (Ve), end-tidal CO,, and end tidal O, (PetCO, and PetO, respectively) collected during a ramp
incremental exercise (RAMP) test. These variables are used to identify estimated lactate threshold, the gas exchange
threshold or the first ventilatory threshold (&1, GET, or VT1 respectively), and the respiratory compensation point
(RCP) or second ventilatory threshold (VT2) (Keir et al. 2022).



1.11 Energy Systems During RAMP

1.1.1.1 ATP-PCr System

While the ATP-PCr system is known for ATP resynthesis during high-intensity exercise, due to
the nature of an incremental test and an inability to indirectly measure the energy derived from the
system, its contribution is not considered (Gastin 2001; Bertuzzi et al. 2013). As such, the ATP-
PCr system is not a main source of ATP during a ramp-incremental exercise test as the ATP
resynthesized from this system is typically used for high-intensity exercise, which requires a
demand of up to 5 times greater than that required of a VOamax test (Bertuzzi et al. 2013).
Nevertheless, this pathway is involved at the onset of heavy/maximal exercise or during explosive
activities when a high rate of energy release is required as the PO demand increases faster than
OxPhos can be upregulated during continuous exercise. In this process, mitochondrial ATP
transfer a high-energy phosphate to creatine (Cr), forming phosphocreatine (PCr) and adenosine
diphosphate (ADP) (Guimardes-Ferreira 2014). PCr then diffuses from mitochondria into the
cytoplasm and undergoes a reversible reaction with free-floating cytosolic ADP catalyzed by the
creatine kinase (CK) enzyme to regenerate ATP and Cr (Glaister 2005). The ATP is then used for
muscle contraction and Cr diffuses back through the mitochondrial membrane (Figure 2). This
process does not require any O». During the onset of maximal exercise, [PCr] stores are depleted
exponentially, lasting approximately 10 seconds (Glaister 2005). During exercise recovery,
resynthesis of PCr occurs primarily by OxPhos and can be described by a monoexponential time
course (Arnold et al. 1984; Bendahan et al. 1990; Kemp et al. 1993; lotti et al. 1993). This recovery
period is also independent of exercise intensity, stimulation frequency, and end-levels of PCr
(Mahler 1985; Meyer 1988; Thompson et al. 1995). The ATP-PCr system can still be considered
a contributor of ATP production as it is estimated to provide between 20-30% of the anaerobic
energy during exhaustive exercise lasting 2-3 minutes (Gastin 2001). It is also evidenced by only
a~20% and 50% decrease in [PCr] at moderate and heavy intensities respectively, during constant
load (~6min) exercise (Jones et al. 2008). Thus, while the ATP-PCr pathway is not a noticeable
contributor during ramp-incremental trials, it is crucial to high-intensity, short duration power

outputs, and constant power exercise.



/ Mitochondria
f

> Cr ADP
PCr ¢ \PCr ATP €<
I
4’ WV
PCr ATP ATP ( e
/
Cr ADP AD
\ Cytosol J

Figure 2. ATP-PCr mechanism illustrating the phosphorylation of creatine (Cr) and subsequent adenosine triphosphate
(ATP) regeneration. Cytosolic creatine kinase (CK) catalyzes the reaction, transforming phosphocreatine (PCr) in the
cytosol to Cr and regenerating adenosine triphosphate (ATP) to be used by the muscle. Mitochondrial creatine kinase
(MtCK) catalyzes the reverse reaction using an ATP molecule to regenerate PCr in the mitochondria, which diffuses
into the cytosol (Baird et al. 2012).

Oxidative Phosphorylation and Anaerobic Glycolysis

Throughout the ramp-incremental test, the aerobic pathway (oxidative phosphorylation) remains
the main contributor to Adenosine Triphosphate (ATP) regeneration. As exercise intensity
increases at a constant predetermined rate in a RAMP, (e.g., 20W/ min, 30 W/min), VO also
increases in a linear fashion following a short delay. At the onset of RAMP and up to GET has
been defined as the moderate intensity domain during which OxPhos results in an increase of ATP
that matches the increasing energy requirement. To derive this energy from carbohydrates,
glycogen and glucose are broken down through a series of reactions (glycolysis) resulting in
pyruvate (Figure 3). This molecule then enters one of two energy-producing pathways: anaerobic
glycolysis or oxidative phosphorylation. In an absence of/decreased oxygen (O2) levels in a
muscle, or when an ATP demand that is greater than OxPhos, pyruvate will be further catalyzed
to lactate. During this process, protons/hydrogen ions (H") are produced, simultaneously reducing

nicotinamide adenine dinucleotide (NAD™), an important substrate that can be reused during the



glycolytic pathway (Melkonian and Schury 2022). While this process is inefficient when compared
to the ATP yield from oxidative phosphorylation, it phosphorylates ADP approximately 100 times
faster (Melkonian and Schury 2022).
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Figure 3. Diagram of anaerobic glycolytic pathway in the muscle (adapted from di Mauro 2007).

However, up to the lactate threshold, pyruvate is mainly shuttled through OxPhos to regenerate
ATP from Adenosine Diphosphate (ADP) with the consumption of O. The fuel used to supply
this aerobic system is predominantly comprised of carbohydrates and fats. These macronutrients
are converted to the required precursors through glycolysis, beta oxidation, and the tricarboxylic
acid (TCA) cycle (Nolfi-Donegan et al. 2020). Briefly, pyruvate derived from glycolysis is shuttled
into the mitochondria where it is converted into acetyl coenzyme A (Acetyl-CoA), which then
enters the tricarboxylic acid (TCA) cycle. Here it is oxidized, helping to reduce NAD* to NADH,
a necessary coenzyme for the OxPhos pathway (Bartee et al. 2017). NADH is then oxidized by a

series of carriers, known together as the electron transport chain (ETC) which simultaneously



pumps the protons (H*) through a series of complexes that creates an electrochemical gradient
across the inner mitochondrial membrane (Figure 4) (Cooper 2000; Xiao et al. 2018; Nolfi-
Donegan et al. 2020). This gradient drives the phosphorylation of ADP, where oxygen (O>) is the
final electron acceptor, resulting in the formation of ATP and water (H20). Thus, this system only

operates in cells that have mitochondria, and available Oa.

The OxPhos system is the main contributor to ATP regeneration during longer duration exercise
because it yields ~36 ATP per glucose molecule versus a net of two ATP regenerated by anaerobic
glycolysis (Chaudhry and Varacallo 2022) and conserves carbohydrates and prolongs the possible
exercise duration. Moreover, at moderate intensities after the initial VO, kinetic phase the ATP
demand can be met exclusively by OxPhos. In the moderate intensity domain, fat oxidation is at
its peak, at approximately 60-65% VO2max, decreasing thereafter (Muscella et al. 2020). To use
these fats, or lipids, as an energy source, triacylglycerol (the stored form of fat; TAG) undergoes
lipolysis, which separates three fatty acid (FA) chains from a glycerol backbone. First, the glycerol
backbone undergoes a series of reactions and enters the glycolytic pathway (Jin et al. 2013). Next,
the fatty acid chains undergo a process named beta-oxidation, whereby H* ions are removed from
them in a cyclical process, generating many acetyl-CoAs as well as reducing NAD and FAD. These
H* carriers facilitate H* entering the electron transfer chain (Purdom et al. 2018). During exercise,
proteins are used sparingly as an energy source (unless other sources are not available, or there are
excess amino acids present) as they can be broken down into their constituent amino acids and for
entry into the TCA cycle at different points, depending on their chemical structure (Bartee et al.
2017).
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Figure 4. lllustration of the Electron Transport Chain (ETC), responsible for oxidative phosphorylation (OxPhos) in
the mitochondria. Substrates from previous pathways such as the Tricarboxylic Acid (TCA) cycle and/or glycolysis
supply electrons to the ETC, creating a proton (H+) gradient across the inner mitochondrial membrane. This gradient

drives the formation of adenosine triphosphate (ATP) through ATP synthase (adapted from Andrews 2010).
1.1.2 Physiological Thresholds during RAMP

As exercise intensity increases within the moderate intensity domain, OxPhos will provide nearly
all the ATP requirement. Moreover, as an individual continues exercising through this domain,
they arrive at the first physiological boundary known as the lactate threshold (é.1), as determined
using ventilatory measures reflecting changes in concomitant respiratory variables that separate
the moderate and heavy intensity domain. This point has also been demarcated as the first
ventilatory threshold (VT1), &1, or GET (Macintosh et al. 2021). The GET represents the highest

metabolic rate possible without an increase in muscle and blood [La-] and a subsequent increase



in ventilation. After this point, there is an increase in VCO,to VO, production, resulting in Ve
increasing relative to VO, but remains proportional with VCO, (Wasserman et al. 1973;
Cerezuela-Espejo et al. 2018; Maclintosh et al. 2021; Keir et al. 2022). The A_t represents the point
at which blood lactate begins to rise (Beaver et al. 1985; Macintosh et al. 2021). As such, these
two concepts (GET and &.t) are related and can be considered alternatives of one another (Pallarés
et al. 2016).

Exercise in the heavy intensity domain results in an upregulation of the pyruvate to lactic acid
reaction. This results in an increase in H* as lactic acid dissociates immediately upon its formation
into lactate and H*. This increase in H" and the concurrent rise of lactate” to maintain
electrochemical neutrality in the muscle and blood from anaerobic glycolysis is buffered by the
reversible carbonic anhydrase (CA) reaction that combines bicarbonate and H* to form carbon
dioxide (COz) and H-O (see below) (Wasserman et al. 1986):

CA
H* + HCO; & H,C0; < H,0 + CO,

Above the lactate threshold this buffer system is no longer able to keep the accumulating H* at
near resting levels, and as a result, an increase in [La-] is observed. As an individual enters this
heavy intensity domain during RAMP, a phenomenon known as the “VO, slow component”
(VOasc) develops. This is a disproportional increase in VO,, relative to the increase in PO. This
non-linear increase in VO relative to PO has been coined the VO2 gain (i.e., AVO2/APO) (Barstow
and Mole 1991; Ozyener et al. 2001; Keir et al. 2018). However, within RAMP exercise, the VOas
offsets the VO, gain and VO, continues to rise in a linear fashion. This linear VO, response above
lactate threshold leads to a misinterpretation of the VO- cost at a given PO relationship during
RAMP exercise.

As we approach the upper boundary of the heavy-intensity domain, we arrive at the second
threshold marking the beginning of the severe-intensity domain as presented by Keir et al. 2022.
This threshold is typically referred to as the second ventilatory threshold (\VT>) or the respiratory
compensation point (RCP). At metabolic rates above this threshold (severe intensity), homeostasis
is compromised at an exponential rate and is reflected with H" accumulation that is associated with

the depletion of bicarbonate. This reduces the expiration of CO2, termed ventilatory buffering,
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which is essential to facilitate the removal of CO2 and acid base balance (Wasserman et al. 1973;
Keir et al. 2022). As such, the RCP reflects the highest metabolic rate that can be maintained
without major disruption to the body’s internal environment. The VO, at RCP has also been linked
to the maximal lactate steady-state (MLSS) and critical power (CP). However, when identifying
the PO at which RCP occurs, these surrogates should not be considered equivalent (lannetta et al.
2020b; Keir et al. 2022). This difference in equivalency can be attributed to the non-linear nature
of VO, when performing ramp-incremental exercise. During exercise in the severe intensity
domain, above RCP, a disproportional increase in Ve compared to VCO,, accompanied with a
drop in PCO; is observed (Macintosh et al. 2021). Moreover, as VO continues to rise, the upper
boundary of the severe intensity domain is VOamax. It is at this level that anaerobic glycolysis
becomes a noticeable energy contributor as well (Colosio et al. 2020). However, despite becoming
a greater energy contributor above this threshold, anaerobic glycolysis is still not the predominant
ATP provider. Rather, at every PO above VT2 to VOzmax, the primary energy contributor remains
OxPhos. It is only at intensities much greater than an individual’s VOzmax (€.9.,150% 0f VOzmax)

that the anaerobic pathway becomes a main contributor (Jones et al. 2008).
1.1.3 VO; Kinetics during RAMP

Since direct measurement of muscle oxygen uptake kinetics (VOzm) is not easily attainable or
feasible during exercise testing, VO, measured at the mouth (VOgp), representing pulmonary
oxygen uptake, is considered an appropriate substitute (Whipp and Ward 1990; Grassi 2000; Jones
and Poole 2005). However, when taking into consideration the VO as measured at the mouth at a
specific PO, it is essential to be mindful of the delay between VO2zm and the VOgp, as the transit
time of deoxygenated blood from the muscle to the lungs is significant. This delay is known as the
mean response time (MRT). Above the GET, the presence of the VOasc increases the time it takes
VO; to reach a theoretical steady state (which is only visible during constant power exercise) and
increases the gain. This leads to a lengthening of the MRT past this threshold, and it is imperative
to be mindful of additional adjustments to ensure an accurate relationship between VO, and PO is

maintained. The concept of MRT will be further expanded on below.
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1.2 « Constant-power exercise »

Performing a constant power exercise test is critical when ascertaining one’s VO at a particular
PO. In the present study, participants underwent three separate exercise transitions from rest to a
constant power output: two in the moderate intensity domain (75% and 85% GET, respectively)
and one in the heavy intensity domain (15% of the difference between GET and VO2max). Capillary
blood samples were used to assess blood [La-] levels to confirm that individuals were exercising
within the appropriate exercise intensity domain during the constant power exercise trials. These
thresholds and variables are an important part of prescribing individualized and appropriate
exercise. During constant power exercise at intensities above &t (i.e., going from rest to heavy
intensity), a greater reliance on anaerobic metabolism and the aforementioned evolution of the
VOgsc results in an underestimation of the actual VO, for that PO if observed during RAMP
exercise (Grassi 2005; Colosio et al. 2020). At the onset of constant power exercise at all intensities
below VO2max, the anaerobic pathways supply a significant energy requirement for the first 1-2
minutes (McMahon and Jenkins 2002). The delay of this system can be partially attributed to the
anaerobic pathways, as they slow the OxPhos regeneration of ATP and the accumulation of ADP
(Grassi 2005). This is important as increased [ADP] drives the OxPhos pathway. Moreover, the
inherent delay of O delivery to active muscles (Grassi 2005) creates a temporary decrease in its
availability, delaying the upregulation of OxPhos (Murias et al. 2014; Colosio et al. 2020). Thus,
during moderate and eventually during heavy-intensity constant power exercise, VO2 will
approach a steady state, however as previously mentioned, the heavy-intensity exercise will

display the emergence of the VO, slow component (Korzeniewski and Zoladz 2015).
1.2.1 VO Kinetics during Constant Power Exercise

As previously established, the transition from rest to a PO of greater intensity creates an increased
demand for ATP in the muscle. The longer the exercise modality is maintained, the greater the
contribution from OxPhos. To accommodate this increase in activity from this system, VO
increases until it reaches a point where ATP supply matches the ATP demand. This point is known
as the steady-state VO2. The most widely used model for VO, kinetics during constant power

exercise observes a step-increase and has been quantified utilising a three-phase model to predict
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VO, adjustments to an increased power output (Figure 5) (Whipp et al. 1982). The first phase
(Phase I, also known as the cardiodynamic component) is a representation of the circulatory transit
delay from muscles to the lungs (Murias et al. 2011); it is related to increased blood flow to the
lungs and is not a representation of skeletal muscle activity in response to exercise (Barstow et al.
1990; Glgersen et al. 2022). The second phase (Phase I1) represents an exponential increase in VO,
as a result of increased blood flow both to the lungs and skeletal muscle, and subsequently
deoxygenated venous blood returning to the lungs (Murias et al. 2011). This phase is also modeled
by an exponential component that is arriving at an eventual predicted steady-state (Whipp et al.
1981; Barstow et al. 1990). Lastly, Phase 111 reflects the achievement of a steady-state VO, in the
moderate-intensity domain, or a delayed achievement of a steady-state within the heavy-intensity
domain (Murias et al. 2011; Glgersen et al. 2022). The delayed achievement of steady-state VO
is due to the emergence of the VOas.. With the presence of this component, the eventual steady-
state VO that is reached will have a greater value than that predicted by a VO2 vs PO relationship
(Barstow and Molé 1991; Jones et al. 2011). Jones et al. (2011) state that the VOas represents an
increased cost of O associated (decreased efficiency) with movement lasting greater than three
minutes with PO above the GET and below the respiratory compensation point (RCP). While the
mechanistic bases behind the VOqs have been debated for many years, there is a consensus that
the VOasc during constant power exercise is related to the increased recruitment of type Il muscle
fibers (Jones et al. 2011).
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Figure 5. Example of an individual’s oxygen uptake (VOZ2) kinetics data, organized into the three-phase approach.
Phase 1, also known as the cardiodynamic component, is a representation of the circulatory transit delay from muscles
to the lungs. Phase Il represents an exponential increase in VO2 due to increased blood flow both to the lungs and
skeletal muscle, and subsequently deoxygenated venous blood returning to the lungs. Phase 1l reflects the
achievement of a steady-state VO2 in the moderate-intensity domain, or a delayed achievement of a steady-state within

the heavy-intensity domain (McNulty and Robergs 2017).
1.3 « Models for determining the MRT »

When modelling VO; kinetics during constant power exercise, MRT refers to the time required to
reach approximately 63% of the steady-state VO, at a specific PO and is also the time constant of
the exponential function used to describe this increase, denoted by the symbol t within the
literature (Whipp and Ward 1990; Sietsema et al. 1994). However, during RAMP, it represents a
combined delay indicating two parameters: (1) the time interval representing VO, muscle kinetics
changes in response to increased ATP demand and (2) the transit delay of deoxygenated blood
from muscles that are expressed at the lungs (Boone and Bourgois 2012a; lannetta et al. 2019b)
For the purposes of this study, MRT is in reference to the latter concept as applied to RAMP

exercise.
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During RAMP, the VO, response to a linear increase in PO does not allow researchers to discern
between the two aforementioned parameters of the MRT (Boone and Bourgois 2012a). Accounting
for the MRT helps to accurately align VO, with the PO and is a necessary instrument to avoid the
designation of a greater VO than is present (Keir et al. 2018). There are two well-established
models and one novel method to determine the MRT: the exponential model (MRTexp), the
double-linear model (MRTLin), and the steady-state correction method (MRTss). It should be noted
that the calculation of MRT values using nonlinear and linear models can be affected by the pre-
ramp VO baseline, the amplitude of the VO, change (gain; AVO2/APO), the pre-ramp baseline
power output, and training status (Boone et al. 2008; lannetta et al. 2019b). At baseline there is
approximately a 37% variability in VO, within participants on any given day (Markovitz et al.
2004). This variable VO, baseline will affect MRT calculations in both the non-linear and linear
regression models. Furthermore, the slope of a RAMP affects the gain observed during the test as
slower ramp protocols (i.e., 5, 10, 15 W/min) can artificially lengthen the MRT due to an increased
gain (Hughson and Inman 1986; lannetta et al. 2019a). Additionally, a lower baseline PO (< 20
W) can also lengthen the MRT value generated by these regression models as a result of inefficient
energy transfer between the legs and bicycle crank ((Kautz et al.; Boone et al. 2008; lannetta et al.
2019b). Moreover, a familiarity or training status effect has also been found to affect the MRT, as
VO, kinetics are shortened leading to a shorter MRT (Boone et al. 2008). These factors inherent
to a RAMP test can cause poor reproducibility of the MRT values garnered by these models
(Hughson and Inman 1986; Markovitz et al. 2004; Boone and Bourgois 2012a; lannetta et al.
2019b). However, despite these inherent variables the model corrections provide a much better
reflection of the actual PO VO, relationship during RAMP.

1.3.1 Mono-Exponential correction method

This method is derived from the underlying concepts of VO kinetics during step-incremental
exercise and the exponential nature of the VO, response (phase 11 response). Introduced first by
Whipp et al. (1981) this model incorporates a mono-exponential function to calculate the rate at

which VO; increases during phase Il in a step-transition:

VO,(t) = VO,ps, + AVOy,ss 0[1 — e_(T_TD)/T])
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Where T is the time required for VO to reach 63% the expected amplitude change at that power
output (VO2ss) above baseline (VOzssL), and TD is the time delay (Keir et al. 2018). Because a
ramp-incremental exercise is the integral of a step-increment, this equation is then integrated to

develop the following equation (Swanson and Hughson 1988; Keir et al. 2018):
1
VOz(t) = VOZBSL + AVOZSS (t - T, [1 —e Tl:l)

Where VOx(t) is the value of VO at any time during the ramp, VOzss. is the pre-ramp baseline
value (computed from the last 2 minutes before ramp onset), AVOzss is the increment above

VOzes1 required for the power output at time t, and < is the effective time constant of the response.
1.3.2 Double-linear correction method

An alternative method used to account for VO kinetics during RAMP uses a double-linear model.
In this model, the MRT is associated with the difference in time between the onset of the ramp
exercise and the intersection of the backwards extrapolation of the VO vs time relationship
MRTL (figure 6) (Boone and Bourgois 2012a; Keir et al. 2018). The equation is as follows (taken
from Keir et al. 2018):

f=if t < MRT use g(t), else h(t); g(t) = i1 + s1t; i2 = i1 + s1t; h(t) = i2 + St — MRT

where t is time, MRT is the time corresponding to the intersection of the two regression lines ¢
and h are VO, i1, s1 and iy, S are the intercepts and slopes of the first and second linear functions,

respectively. sy is fixed at zero, giving the baseline VOx.
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Figure 6. Example of the difference between ramp — incremental exercise (RAMP) onset (time = 0) and the intersection
of the backwards extrapolation of the oxygen uptake (VO,) / time (t) relationship and extrapolation of the baseline

VO, to discern the time interval representing this individual’s mean response time (MRT) (Boone and Bourgois
2012a).

1.3.3 Steady state correction method

As a result of reproducibility concerns associated with the regression models’ calculations of
MRT, lannetta et al. (2019b) proposed a novel method (the steady-state method; MRTss)
unencumbered by the factors that influence MRT calculation using linear or nonlinear regression
modeling, resulting in greater reproducibility of the MRT. The procedure first requires a moderate-
intensity step transition exercise test that is below the individual’s GET, for a minimum of 6
minutes. The authors acknowledge that estimating an individual’s GET can be challenging, and
therefore suggest a 100W power rate, shown to be an adequate intensity for recreationally active
and trained individuals (lannetta et al. 2019b). However, for sedentary or older individuals, this
value may be too high, and it is important to consider the population being tested. Nevertheless,
once the step-transition test is done, a steady-state VO, at a known power output is determined.
Once the ramp-incremental exercise test is completed a linear regression is used to fit the VO vs
PO relationship from the onset of rise in VO2 to the GET. Then, the steady-state VO, previously
determined from the moderate-step transition test is superimposed on this ramp VO./PO

relationship. The difference between the (1) power output at the steady state VO, from the step-
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transition and (2) the power output at that same VO observed from the ramp-incremental exercise,
is calculated in W (Figure 7). Depending on the ramp rate used, the watts are then converted into
time (i.e., 1 W = 2s for a 30 W.min™! ramp rate) (lannetta et al. 2019b).
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Figure 7. Example of the difference in power output (PO; measured in Watts, W) between the steady-state VO, (100
W, solid line) and the power output associated with the ramp — incremental (RAMP) VO, (112 W, dotted line). The
difference was equivalent to 12 W, which, at a ramp rate of 30Wemin! is 24 seconds (s) and is equivalent to the mean
response time (MRTss) (lannetta et al. 2019b).
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Chapter 2

2  « A Comparison of Methods to ldentify the Mean
Response Time of Ramp-Incremental Exercise for Exercise

Prescription »

2.1 « Introduction »

The oxygen uptake (VO2) versus power output (PO) relationship from ramp-incremental exercise
(RAMP) is often used to prescribe aerobic exercise intensity (Pescatello 2014, Keir et al. 2018).
During ramp-incremental exercise, as power output increases, there is a delay in the increase in
the breath-by-breath VO that largely reflects the transit delay in muscle VO, being reflected in
VO; response measured at the level of the mouth, and that contributes to a misalignment of VO
to power output; this delay is known as the mean response time (MRT). If the MRT is not
accounted for during the exercise prescription process, exercise at any ramp-identified power
output will elicit a steady-state VO value that is higher than predicted. Thus, estimating and
correcting for the MRT by “left shifting” power output relative to VO during ramp-incremental
exercise is necessary to appropriately determine the steady-state VO, for any constant power
output below the lactate threshold (f.1) and within the moderate-intensity domain where VO
Kinetics remain constant (Spencer et al. 2013; Keir et al. 2015). However, at intensities above the
lactate threshold, accounting for the MRT is insufficient as a correction method, due to the

presence of the VO2 slow component (VOasc) (Caen et al. 2020).

The MRT reflects the sum of the time it takes for deoxygenated blood from the active muscles to
reach the lungs (transit delay) plus the time required for VO, to achieve a value commensurate
with the metabolic demand (VO; kinetics). These two temporal components can vary widely from
person to person and thus, to ensure accurate exercise prescription from ramp incremental testing
(at least within the moderate intensity domain), MRT quantification should be made on an
individual basis. Currently, there are three methods by which the MRT may be determined. The

“exponential method” (MRTexp) utilizes a mono-exponential fit of the VO, versus time
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relationship (Swanson and Hughson, 1988) to derive an effective time constant (t'). The “double-
linear method” (MRTLin) applies a piecewise function to both the pre-transition baseline (with a
fixed “zero” slope) and ramp-incremental data (with a variable slope) to derive a breakpoint that
gives the MRT (Boone and Bourgois 2012). The “steady-state method”” (MRTss) does not rely on
fitting. Rather, a moderate-intensity step-transition (MOD) precedes the ramp-incremental
protocol. The steady-state VO, at this power output is then superimposed on the VO, vs power
output relationship from the ramp test and the difference in power output between MOD and the
ramp-identified power output corresponding to the steady state VO, of the MOD is computed to
derive the MRT. Each of the three methods have demonstrated good-to-excellent reproducibility
and, on average, MRT values computed using these different methods are not different (lannetta
et al. 2019b). However, yet to be examined, is a comparison amongst MRT methods with respect
to their accuracy of predicting steady-state VO, at a given power output below the lactate
threshold.

With exercise above the lactate threshold, a VO, slow component emerges that progressively
delays the attainment of steady state VO, and amplifies the VO, gain (AVO2/PO) (Whipp et al.
1982). In most ramp-incremental protocols, however, the non-linearity in the VO, versus power
output relationship is not observed because the progressively rising time constant and gain
parameters associated with the action of the VO slow component balance to maintain linearity
(Wilcox et al. 2016; Keir et al. 2016). Additionally, the VO2 slow component is not considered in
the MRT concept. As a result, the MRT becomes insufficient to predict the steady-state VO, for
all power outputs above the lactate threshold and within the heavy-intensity domain (Barstow et
al. 1993, Keir et al. 2018). Although some strategies have recently been developed to account for
this nonlinearity in the VO, versus power output relationship (Caen et al. 2020, lannetta et al.
2019a), whether any of the three models used to estimate the MRT can be applied to predict steady-

state VO responses within the lower regions of the heavy-intensity domain remains unclear.

The novel purpose of this study was to compare the three methods of MRT estimation and evaluate
their accuracy at predicting VO, at power outputs well below, slightly below and slightly above
the lactate threshold. It was hypothesized that: i) MRTexe, MRTLIN and MRTss would not be
different from each other; ii) the prediction accuracies (defined as the difference between the VO;
predicted by a model-corrected ramp incremental to the VO, measured during constant power
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exercise at each intensity) between the MRTexp, MRTLIN and MRTss models would not be
different from one another; and iii) above the lactate threshold, all three models will underestimate

the VO, when compared to the steady state VO; at that power output.

2.2 « Methods »

2.2.1.1 Participants

Upon providing written informed consent, ten recreationally active or highly trained (McKay et
al. 2022) males (mean £ SD, age = 25 £ 7 yr) participated in this study (Table 1). All volunteers
were lifelong nonsmokers and were free of any respiratory, cardiovascular, musculoskeletal, and
metabolic conditions that may impact cardiorespiratory or metabolic responses to exercise. The
age of participants was not deemed a limiting factor as VO kinetics are unchanged across the age
continuum of young, middle-aged or older individuals (Grey et al 2015). Each participant reported
to the laboratory on 4 occasions to perform the following protocols at the Canadian Centre for
Activity and Aging in the Health Science building on Western's campus. They were also instructed
to refrain from physical activity on the day of testing, as well as to refrain from eating or ingesting
caffeine for a period of two and eight hours respectively, before their testing appointment. This
study was approved by the Western University Research Ethics Board for Health Sciences

Research Involving Human Participants (see Appendix).
2.2.1.2 Equipment and Measurements

All trials were performed on an electromagnetically-braked cycle ergometer (Velotron,
RacerMate, Seattle, WA). During all tests, heart rate was monitored (Cosmed heart rate band) and
gas exchange and ventilatory variables were measured breath-by-breath by a metabolic cart
(CPET; Cosmed, Rome, Italy). The apparatus consisted of a facemask and a low-dead-space
turbine which was calibrated using a 3L syringe. Respired air was collected through a sampling
line and fractional concentrations of inspired and expired O, and CO, for each breath were
determined by gas analyzers that were calibrated prior to each test using a gas mixture of known
concentration (16% Oz, 5% CO, balance N2).
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2.2.1.3 Experimental Protocol

During four visits separated by at least 48 h, participants performed a ramp-incremental exercise
test and three constant-power exercise tests. In their initial visit, participants selected their own
cadence (between 70-90 rpm) and were instructed to maintain this cadence throughout both ramp

and constant-power protocols.
2.2.1.4 Ramp-incremental protocol

The protocol included a 4-min baseline at 20 W followed by a 30 W-min~* ramp until task failure.
The protocol was terminated once participants could not maintain their self-selected cadence for
greater than 10 s despite strong verbal encouragement.

2.2.1.5 Constant power protocol

Each constant-power test began with 4-min of baseline cycling at 20 W, followed by a 30 min
exercise bout at a set power output. Of the three tests, two were performed in the moderate intensity
(75% and 85% of lactate threshold) domain and one in the heavy intensity domain (15% of the
difference between lactate threshold and VOzmax; A15). To ensure domain-specific responses, the
power output associated with these bouts were determined by first identifying the VO values at
75%, 85%, and A15, respectively. Then, the VO, vs time relationship was “left-shifted” by 2/3 the
ramp rate retrospectively (i.e., 30 W-min™t=20 W =40 s), an arbitrary method of MRT correction
(Bailey et al. 2010; Whipp et al. 1981). The power outputs associated with this VO, were located
on the “corrected” VO, vs power output relationship and used as the constant-power output. The
steady-state VO, associated with each constant-power test was computed as the average of the last
5 min. Capillary lactates were taken at rest and at the end of each 30-min trial. Capillary blood
samples were drawn from a fingerprick and immediately analyzed for blood lactate concentration

([La]y) to ensure that participants achieved the appropriate intensity.
2.2.2 Data Analysis

The data from the ramp-incremental test was used to determine participants’ maximal aerobic

capacity (VO2zmax), and to estimate lactate threshold (A.7) and their associated power outputs. The
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VOzmax and @t were determined using ExerciseThresholds.com—an online resource for the
evaluation of gas exchange and ventilatory data (Keir et al. 2022). The VOzmax Was determined as
the highest value from a 20-s rolling average. To determine 6.1, profiles of ventilation (Ve), gas
exchange (VO2 and VCOy), and their combination (Ve/VCO2, Ve/VO2), as well as respiratory
exchange ratio (RER), end-tidal partial pressure of Oz and CO2 were all plotted against VO, and
evaluated by two members of the investigative team until a consensus of &t was reached. The
VO, vs time relationship was time aligned such that the onset of the ramp began at t=0. From these
data, the MRT was estimated using the following three approaches:

Mono-exponential MRT (MRTexp). A mono-exponential function was fitted to the VO, data from
the onset of the ramp at t = O to the identified 6t. This function generates a t' (hereafter referred
to as “MRTexp,” Figure 8A).

1

4) VO, (t) = VOyps, + AVO,gs (t— T [1—e77])

where VO (t) is the value of VO at any time during the ramp, VOzgs. is the pre-ramp baseline
value (computed from the last 2 minutes before ramp onset), AVOzss is the increment above

VOags. required for the power output at time t, and 1’ is the effective time constant of the response.

Double-linear MRT (MRTwin). A piecewise function was applied to both the pre-ramp incremental
baseline (with a fixed “zero” slope) and ramp-incremental data (with a variable slope) to derive a
“breakpoint” that reflects the MRTLin (Boone and Bourgois 2012) (Figure 8B).

5) f=ift <MRT use g(t), else h(t); g(t) = i1 + sat; i2 = i1 + sat; h(t) = i2 + sot — MRT

where t is time, MRT is the time corresponding to the intersection of the two regression lines ¢
and h are VO, i1, s1 and iz, S are the intercepts and slopes of the first and second linear functions,
respectively. sy was fixed at 0. iy was fitted from the last 2 min of the pre-ramp baseline to the time

at which the VO, associated with 6.1 was reached.

Steady-state MRT (MRTss). The steady-state VO, from the 75% 6.t condition was computed from
all breaths within the last 5 minutes of exercise. Next, linear regression was applied to the ramp

incremental VO2 versus power output relationship, including data from the first observable rise in
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VO, to VOzpeak. Thereafter, the predicted ramp power output corresponding to steady-state VO
from the 75% 6. trial was determined using the equation of the regression line. Lastly, the
difference in power output at this VO, from the ramp and the power output at 75% 6.t was
determined to calculate MRTss:

MRTss (W) = ([VO2 at 75%6.1 — intercept] / slope) — PO at 75%6. 7 (3)

where the intercept (L-min™t) and the slope (L'-min™- W) are obtained from the linear regression
of the ramp VO, response. This value was then converted to time (i.e., 1 W = 2 s for a 30 W-min!
ramp) to give the MRTss in seconds (Figure 8C).

The MRTexe, MRTLIN, and MRTss models were used to shift the VO vs time relationship at each
intensity (75%, 85% and A15 A7) to predict the VO, expected at each of the predetermined
constant-power outputs (VO2 “predicted”). The accuracy of each model was evaluated by
comparing the “predicted” VO to the “measured” VO at each intensity. “Predicted” VO at each
power output was also determined without correction for the MRT (NOwRrr).

2.2.3 Statistical Analysis

Data were presented as means + SD. Two-Way repeated measures analysis of variance (ANOVA)
was used to compare 1) the measured VO, to each model-predicted-VO; at 2) each of the three
intensities (75%, 85%, A15). Statistical significance was accepted at an alpha level of 5%. All
statistical analyses were performed using SigmaPlot Version 14.0 (Systat Software Inc., San Jose,
CA). Power calculation: at 85% GET = 0.93; based on Minimum Detectable Difference in Means
(217 ml), Expected Standard Deviation of Residuals (115), Number of Groups (4), and a Group
Size (10), at an Alpha of 0.05. Sample size calculation at 85% GET was 9; Minimum Detectable
Difference in Means (217 ml), Expected Standard Deviation of Residuals (115), Number of
Groups (4), Desired Power (0.8), Alpha size (0.05).

2.3 « Results »

The group mean VOzmax Was 3.69 = 0.72 L' min™; peak power output was 352 + 57 W, and the VO;

at @t was 2.22 + 0.69 L'mint. Applying a standard or fixed MRT correction factor equivalent to
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2/3 the ramp rate (i.e., 30 W-mint= 20 W = 40 s), these “left-shifted” power output values
anticipated to elicit steady-state VO associated with ~75%@, 1, ~85%@ 1, and ~A15, were 116 +
52 W, 140 £ 65 W, and 181 £ 64 W, respectively. During constant-power exercise at these
intensities, the steady-state VO, values were 1.83 + 0.55 L'min™ (82 + 6%6@. 1), 2.09 £ 0.73 L-min-
1(93 +8%6 1), and 2.62 + 0.86 L'min™t (A27 + 23%6.1).

The MRT values for MRTexp, MRTLIN and MRTss were 45 s, 33 s, and 42 s, respectively (Figure
8) which corresponded to power outputs of 23 W, 17 W, and 21 W (Table 2). Compared to MRTss,
MRTexp (P = 0.372) and MRTyin (P = 0.372) were not different. However, there was a difference
between MRTexp and MRT v (P<0.05). The MRT-adjusted (i.e., MRTexp, MRTLin and MRTss)
and MRT-unadjusted (i.e., NOmrt) prediction of the steady-state VO, for each constant-power

output ride are presented in Table 3.

At 75% 6@ 1 the average steady-state VO, measured during the constant-power output bout was
1.83 + 0.55 L'min?. With MRT-adjustment by MRTexp, there was no difference (P=1.000)
between the MRTexp-predicted VO, and the measured steady-state VO, (mean bias: 31 + 98
mL-min). Similarly, the predicted VO, from the MRTLin- and MRTss- corrected values also were
not different (P= 1.000 for both; MRTLin mean bias: -35 + 60 mL'mint; MRTss—mean bias: 11 +
39 mL'-min). Without MRT-adjustment (i.e., NOwmgrT), this value was underestimated (P<0.05),
on average, by 167 + 111 mL'min! (Table 3 and Figure 9).

At 85%@ 1 the average steady-state VO, measured during the constant-power output bout was
2.09 + 0.73 L'min™. Compared to this measured VO value, there was no difference from VO,
values predicted by the MRTexp (mean bias: -14 + 134 mL'-min, P=1.00), MRT_in (mean bias: -
79+ 112 mL'min, P=1.00) and MRTss (mean bias: -32 + 91 mL'min, P=1.00) (Figure 9). NOwmrr
consistently predicted a VO value that was lower than the measured VO, at 85%6L 1 by an average

of 217 + 115 mL'min™t.

The average steady-state VO, measured during the constant-power output bout at A15 was 2.62 +
0.89 L'mint. NOwmgrr consistently predicted a VO value that was lower than that measured at A15
(mean bias: -392 + 345 mL-min™). There was no difference (P=0.767) between MR Texp-predicted
VO, and the measured steady-state VO, at A15 (mean bias: 98 + 433 mL-min™). However, the
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MRTun and MRTss predicted VO values were lower (P<0.05) than the measured VO, (mean
bias: -254 + 323 mL-min’; -206 + 300 mL-min, respectively; Figure 9).
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Table 1. Participant characteristics and results from the ramp incremental test (n=10).
Participant ~ Age  VO2max PO at VOazmax 67 (VO2 L*mint) &1 (W)

(W)
1 26 3.11 300 1.60 135
2 24 2.92 303 1.77 150
3 22 3.91 376 1.68 130
4 21 3.26 303 2.25 195
5 46 3.08 300 1.50 110
6 21 5.13 449 3.40 265
7 21 4.32 413 3.00 252
8 21 4.35 416 3.05 250
9 21 3.31 336 2.15 180
10 23 3.47 325 1.81 140
Mean 25 3.69 352 2.22 181
SD 8 0.72 57 0.69 57

VO2max, maximum oxygen uptake; PO, power output; W, watts; &, estimated lactate threshold; SD,

standard deviation.

Table 2. Mean response time of the three methods expressed in seconds(s) and Watts (W)

Participant MRTexp

(s) MRTLin(S) MRTss(s) MRTexe (W) MRTuin (W) MRTss (W)

1 67 49 46 33 24 23
2 18 14 40 9 7 20
3 90 55 54 45 28 27
4 76 59 62 38 29 31
5 40 19 38 20 9 19
6 13 11 6 6 6 3
7 39 28 10 19 14 5
8 41 37 48 21 18 24
9 53 48 72 27 24 36
10 15 14 44 7 7 22
Mean 45 33* 42 23 17* 21
SD 26 18 21 13 9 10

S, seconds; MRTexp, the time delay associated with the exponential model; MRTy, the time delay
associated with the double-linear model; MRTss the time delay associated with the steady-state method; *

indicates a significant difference from MRTexp.
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Table 3. Mean, SD, and Range of the bias from each predictive method at different intensities

NOwmRT pred.
minus MRTexp pred. MRTuinpred. MRTss pred.
Intensity measured minus minus minus
(% of VO2(mL'min- measured measured measured
&) 1 VO2(mL'min?t) VOz(mL'min?t) VOz(mLmin?)
Mean -167*"P 31 -35 11
75% SD 111 98 60 34
Min — Max -346 — 15 -99 — 197 -120 — 57 -39 — 46
Mean -217*1B -147 -79 -32
85% SD 115 134 112 91
Min — Max -411 —-102 -208 — 194 =227 —99 -177 —83
Mean -392* 1P -08 -254* -206*
A15 SD 245 433 323 301
Min — Max -942 — -60 -890 — 720 -1005 — 115 -914 — 168

MRTexp pred., the predicted VO, using the exponential model; MRTn pred. VO,, predicted VO, using
the double-linear model; MRTss pred., predicted VO, using the steady-state model; NOwrr pred. VO,,

ramp-associated VO, with no correction model applied; measured VO,, VO, observed from the last 5 min

of the 30 min constant load & v trial at a specific intensity; A15, 15% of the difference between 4. and

VO2max: SD, standard deviation

* Significantly different from measured VO, at the respective intensity

* Significantly different from MRTexe pred. minus measured VO,

P Significantly different from MRTss pred. minus measured VO,
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from the three constant load protocols).
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determined from the last 5 min of each 30 min trial (VO, measured). * Indicates a significant difference

of P<0.05
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2.4 « Discussion »

This study compared three methods of ramp-incremental exercise MRT estimation to assess each
method’s accuracy for predicting the steady-state VO, at constant power outputs below and slightly
above é.1. The main findings were that: i) MRTss was similar to MRTLin and MRTexp, however
MRTLin and MRTexp were different; ii) all models exhibited excellent accuracy for predicting
steady-state VO response below ér; and iii) above &1, MRTun and MRTss corrections

consistently underestimated the VO, at power outputs performed in the heavy-intensity domain.

Without MRT correction, linear interpolation of the VO2 versus power output relationship from
ramp-incremental exercise (i.e., NOmrt) consistently underestimated the steady-state VO, at
power outputs in both the moderate- and heavy-intensity domains. The degree to which predictions
fell below the actual measured steady-state VO response increased from a mean -167 mL-min™ at
75%@.T, to -217 mL-min™ at 85%6 1, and -392 mL-min* at A15. This result demonstrates that if
an MRT correction is not applied to the ramp VO data, then the steady-state VO, achieved at
target PO will be higher than predicted. This error will also increase as exercise intensity increases,
leading to a greater underestimation of VO for a given power output (Figure 9). Then, to establish
a good representation of the steady-state VO versus constant-power output relationship from
ramp-incremental exercise, the MRT needs to be calculated and applied in the aerobic exercise

prescription process.
2.4.2 MRT Comparisons

On average our MRT values were ~40 s with a range 12 s, from a minimum of 33 to a maximum
of 45 s, which is similar to what other studies have observed (Boone and Bourgois 2012; Caen et
al. 2020; lannetta et al. 2019b; Keir et al. 2016a). There was no difference between MRTexp (455)
and MRTss (42 s). Furthermore, there was no difference between MRTyin (33 s) and MRTss (42
s). As such, MRTss can be considered comparable to both MRTexp and MRTyn. However, there
was a significant difference between MRTexp and MRTvrin. This contrasts with lannetta et al.
(2019b) who observed no differences in MRT between MRTexp, MRTLin, and the MRTss models.
The difference between these findings may be attributed to differences in the study sample. For
example, in their study, six of 12 participants had MRTexp and MRTy N values that were near zero.
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They suggested that an MRT of zero was physiologically impossible, as this would signify that
muscle VO, is immediately reflected in the expired air with no transit delay (lannetta et al. 2019b).
This result increases the variance within participants which would reduce the probability of
detecting a statistical difference (Steinberg 2012) which may account for their differential findings
compared to the present study. Similarly, using nine healthy males, Caen et al. (2020) observed no
difference in MRTLin and MRTss. Given the MRT comparisons observed in other studies and the
ones observed in our study, MRTss can be considered comparable to both MRTexp and MRTLn.
The simplicity of the MRTss determination suggests this to be the most efficacious method.
Furthermore, this model is derived from the actual data collected (i.e., VO2 responses), whereas
the regression models (MRTexp and MRTLin) are calculated, suggesting the MRTss to be a better

reflection of an individual’s actual MRT.

2.4.3 Accuracy of the Prediction Models

Within the moderate-intensity domain, all three methods of VO predictions were not different
from the measured VO,. These results suggest that below threshold, any of the correction models
may be used to accurately predict VO, at a given power output. However, within the heavy-
intensity domain, MRTun and the MRTss underestimated the measured VO, whereas the
MRTexp—predicted VO, was not different from the measured VO at this supra-threshold intensity
(Table 3). It should be noted that the range of our MRTexp data of this exponential model is greater
than the other predictive methods: MRTexp has a range of 1610 mL'min, compared to 1120
mL'min?, 1082 mL'mint; MRTLin and MRTss respectively (Table 3). Subsequently, this variance
within the response would reduce the probability of there being a statistical difference (Steinberg
2012). In line with our findings, observing only MRTLin and MRTss, Caen et al. (2020) also
showed similarities when comparing their predictive accuracy in the moderate-intensity domain.
Moreover, as shown in the present paper, as exercise intensity increases the gap between the
model—predicted VO, and measured VO, widens (Table 3). Keir et al. (2018), presented a
conceptual model suggesting that this gap between constant-power output and ramp incremental
VO, continues in a nonlinear pattern up to, and past the & . This model also formed the basis of
the research done by Caen et al. (2020), who concluded that a linear response in the dissociation
between VO, and power output was more appropriate than an exponential regression in the heavy

intensity domain. The observed response in the present study from the MRTLin, MRTss, and
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NOwmrT—predicted VO supports this hypothesis, demonstrating that these two correction methods

will underestimate the VO- at intensities above @ t.

This disconnect between VO3 and the power output when>@ 1 which is related to the development
of the VO_ slow component, has been linked to the increased oxygen cost per watt of work at these
intensities (Barstow et al. 1993; Ozyener et al. 2001). Previous authors have suggested that this
VO slow component results from the exhaustion of some of the active muscle fibers at these >4
intensities, resulting in changes in fiber recruitment patterns (Jones et al. 2011). Individual
variability of the VO, slow component is also a factor, as exhibited in figure 9L. This confounds
the determination of the VO, above the lactate threshold. This slow component related disconnect
between VO and power output has also been observed by Caen et al. (2020), who, similarly
concluded that use of the MRTLin and MRTss corrections were inappropriate at >é 1 intensities,
and that additional corrections were necessary if the aim was to prescribe exercise intensities from
the VO_ to PO relationship observed from a ramp incremental test. Therefore, although the MRT
correction is an effective method to correct the dissociation between VO and PO responses during
ramp incremental tests within the moderate exercise intensity domain, this approach is insufficient
in predicting VO for a given power output above the lactate threshold. This will result in steady
state VO values for a given power output derived from the ramp incremental test that will always
be greater than predicted, as the MRT cannot account for the slow component. In order to account
for the VOas during ramp incremental testing, recent publications have proposed different

approaches that will contribute to making the necessary corrections (Caen et al. 2020).
2.4.4 Summary and Conclusion

This study compared the MRT and predicted VO_ accuracy of three approaches to quantify the
MRT (MRTexp, MRTLIN, MRTss) at intensities below (75% and 85% é 1) and above (A15) lactate
threshold. While in clinical settings researchers have used heart rate (HR) to prescribe exercise
intensity, there is a lack of consensus on the appropriate ranges used to define exercise intensity
categories due to large individual variability of HR (Tran et al. 2022). Furthermore, the inability
of HR to attain a steady-state response at any intensity during CPE (cardiac drift) reduces the
precision of exercise prescription when using %HRmax (lannetta et al. 2020). As such, it is optimal
to use ventilatory thresholds and VO,-based MRT corrections during ramp incremental exercise
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to prescribe accurate exercise intensity. Considering the benefits and limitations of each model,
and the findings presented in this study, we suggest the use of MRTss. It is a simple method that
IS not susceptible to the same issues as other fitting models, provides greater reliability, and
provides an MRT estimate that is comparable to both MRTexp and MRTyuin. Moreover, our
observations further strengthen the recommendation that a MRT correction method must be used
to ensure appropriate exercise prescription when deriving exercise intensities within the moderate

intensity domain from ramp incremental tests.
2.4.5 Limitations and Future Directions

This study collected data from participants with different fitness levels ranging from recreationally
active to well-trained individuals. Since a large portion of the general population is considered
sedentary, it would have been more applicable to include sedentary individuals to better reflect the
state of the general population. Furthermore, female participants should be included in future
studies to evaluate sex differences in MRT and correction models’ accuracies. Research has shown
that exercise performance is affected during different menstrual cycle phases, particularly the early
follicular phase (McNulty et al. 2020). Also, De Poli et al (2019) observed that men presented a
greater anaerobic capacity than women. This difference in metabolic activity may contribute to a
difference in MRT values. As such, potential studies should look to observe the impact of these
sex differences on the MRT. Further research is also required to better understand the relationship
between PO and the VO response, especially above the lactate threshold. Future studies may focus
on the mathematical relationship between these physiological changes and attempt to define a
MRT correction model that can take these into consideration without further complicating or

lengthening the protocol.
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