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Abstract
Menthol has been investigated as a perceptual ergogenic aid because it produces a cooling
sensation without directly reducing core or skin temperature. However, nasal inhalation remains
underexplored during self-paced endurance exercise, particularly in studies examining sex-based
differences. This study examined the effects of repeated menthol nasal inhalation and sex on
performance, perceptual, and physiological responses during self-paced cycling in physically
active adults. Forty participants (20 males and 20 females) completed a pseudo-randomized,
counterbalanced study consisting of a familiarization session and two experimental trials:
menthol and control. During each trial, participants completed a 15-minute self-paced cycling
time trial at an individualized resistance. Menthol vapour or air was administered nasally for 5
seconds at 0, 5, and 10 minutes. Performance outcomes included total distance and distance
normalized to body mass. Perceptual outcomes included ratings of perceived exertion (RPE),
thermal sensation (TS), and respiratory comfort (RC), while the physiological outcome was heart
rate (HR). RPE, TS, RC, and HR were averaged across the 5-, 10-, and 15-minute time points.
Performance and HR were analysed using 2 x 2 mixed-design ANOVAs, whereas RPE, TS, and
RC were analysed using Wilcoxon signed-rank tests, with Mann—Whitney U tests used to
compare condition-related changes between sexes. Participants covered a greater total distance
during menthol than control, F(1, 38) = 7.65, p = .009, np*= .168, and achieved a greater
normalized distance, F(1, 38) = 7.63, p = .009, np? = .167. Significant Condition x Sex
interactions indicated larger performance improvements among females. Within the perceptual
domain, RPE did not differ significantly between conditions (p = .054), whereas TS (p =.029)
and RC (p = .041) were significantly lower during menthol, indicating cooler thermal sensations

and less respiratory discomfort. Condition-related changes in TS (p =.039) and RC (p = .024)



differed significantly between sexes, with larger responses among females. Within the
physiological domain, mean HR was significantly higher during menthol (p =.016), with no
significant Condition x Sex interaction. These findings indicate that repeated menthol nasal
inhalation influences performance, perceptual, and physiological responses during self-paced
cycling, with sex contributing to the magnitude of selected performance and perceptual

responses.
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Chapter One: Review of the Literature
Overview

Endurance performance is a key determinant of success in many athletic disciplines,
particularly in sports such as cycling and distance running, which require sustained aerobic effort
(Joyner & Coyle, 2008). Athletes commonly employ a variety of nutritional, physiological, and
perceptual interventions to enhance endurance performance or delay the onset of fatigue
(Fraczek et al., 2016; Thein et al., 1995). Among the many interventions available to enhance
endurance performance, ergogenic aids are popular because of their accessibility and potential to
influence both physiological and perceptual outcomes (Beck et al., 2015).

Endurance performance is commonly assessed using performance-based protocols such
as time-trial (TT) and time-to-exhaustion (TTE) tests, which reflect an individual’s ability to
sustain work over prolonged periods (Laursen et al., 2007). Although maximal oxygen uptake
(VO:2max) is the gold standard measure of aerobic capacity, it does not fully capture endurance
performance under ecologically valid, self-paced conditions (Bassett, 2000; Martin-Rincon &
Calbet, 2020). Consequently, there has been increasing interest in interventions that target
perceptual responses such as ratings of perceived exertion (RPE), thermal sensation (TS), and
respiratory comfort (RC) (Marcora, 2008; Mauger, 2014; Pageaux, 2014).

Menthol has emerged as a perceptual ergogenic aid because activation of cold-sensitive
channels produces a cooling sensation without reducing core or skin temperature. This
perceptual effect may enhance endurance performance by delaying discomfort and improving
exercise tolerance (Barwood et al., 2020; Pergolizzi et al., 2018). Despite these potential
benefits, most menthol-exercise research has focused on oral (e.g., Flood et al., 2017; Gavel et

al., 2021) and topical applications (e.g., Barwood et al., 2015; Kounalakis et al., 2010), with
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limited investigation into nasal inhalation as a mode of delivery. Menthol nasal inhalation
directly stimulates thermosensitive channels within the nasal cavity, providing a distinct route
relative to oral or topical delivery (Pereira et al., 2013). Furthermore, limited research has
systematically examined whether responses to menthol differ between males and females,
despite evidence of sex-based differences in thermal perception and respiratory sensations during
exercise (Cory et al., 2015; Parton et al., 2021; Schoech et al., 2021).

Accordingly, this literature review examines the physiological basis of aerobic exercise,
methods used to assess endurance performance, sex-based considerations in endurance exercise
research, and the emerging role of menthol as a perceptual ergogenic aid, with particular

emphasis on nasal inhalation as an underexplored administration strategy.

Aerobic Exercise

Aerobic exercise involves sustained rhythmic activity supported primarily by oxidative
metabolism, which provides the energy required for endurance activities such as running,
cycling, and swimming (Patel et al., 2017; Riebe et al., 2018). During aerobic exercise,
adenosine triphosphate (ATP) resynthesis is supported primarily through the oxidation of
carbohydrates and fatty acids (Brooks & Mercier, 1994; Spriet, 2002). As exercise duration and
intensity increase, maintaining oxygen delivery, substrate utilization, and thermoregulation
becomes progressively more challenging, contributing to physiological and perceptual strain that
may impair endurance performance (Patel et al., 2017). Aerobic capacity is commonly
characterized using physiological markers such as maximal oxygen uptake (VO:max), lactate
threshold, ventilatory threshold, and critical power (Valenzuela et al., 2021). VOmax represents

the maximal ability to take up, transport, and use oxygen during intense exercise (Martin-Rincon



15

& Calbet, 2020). Lactate threshold reflects the exercise intensity at which lactate accumulation
exceeds clearance and is strongly associated with endurance performance (Ghosh, 2004;
Wackerhage et al., 2022). Although these physiological markers provide important insight into
aerobic capacity, they do not fully account for performance during self-paced endurance
exercise, where perceptual regulation and pacing behaviour also influence performance
outcomes.

Ventilatory thresholds provide complementary information by identifying changes in
ventilatory control associated with increasing metabolic stress during exercise (Anselmi et al.,
2021). The first ventilatory threshold (VT1) reflects the initial sustained increase in ventilation
relative to VO: associated with the buffering of accumulating hydrogen ions (Anselmi et al.,
2021). The second ventilatory threshold (VT2) reflects a disproportionate increase in ventilation
relative to oxygen consumption and carbon dioxide production during high-intensity exercise
when rapid lactate accumulation occurs (Anselmi et al., 2021). Although ventilatory and lactate
thresholds identify physiological intensity domains, they do not fully account for endurance
performance during self-paced time-trial exercise, where perceptual regulation and pacing
strategies play a prominent role (Anselmi et al., 2021). Critical power (CP) refers to the highest
sustainable power output that can be maintained without continual increases in blood lactate or
oxygen uptake (Poole et al., 2016). Critical power delineates the boundary between the heavy-
and severe-intensity domains and represents an important indicator of sustainable aerobic
performance capacity during prolonged exercise (Poole et al., 2016).

One framework commonly used to conceptualize endurance capacity is the duration-
intensity domain model, which categorizes exercise intensity according to metabolic responses

and key physiological thresholds, such as the first and second lactate thresholds (LT1 and LT2)
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(Hofmann & Tschakert, 2017; see Figure 1). Four primary intensity domains are recognized:
moderate, heavy, severe, and extreme (Hofmann & Tschakert, 2017; Korzeniewski & Rossiter,
2022). In the moderate-intensity domain, exercise occurs below LT1 or VT1, allowing oxygen
uptake and blood lactate levels to stabilize quickly, enabling prolonged steady-state aerobic
metabolism with minimal fatigue (Anselmi et al., 2021; Hofmann & Tschakert, 2017). The
heavy-intensity domain lies between LT1 and LT2, where oxygen uptake reaches a delayed
steady state and blood lactate rises to an elevated but stable concentration, with fatigue
developing gradually (Hofmann & Tschakert, 2017). The severe-intensity domain occurs above
LT2, where a steady state is unattainable, oxygen uptake continues to rise toward VO.max, and
fatigue develops rapidly because of progressive metabolite accumulation (Bassett, 2000).
Finally, the extreme-intensity domain encompasses brief, all-out efforts performed at intensities
above VO:max, where fatigue occurs before maximal oxygen uptake can be achieved because of

the overwhelming reliance on anaerobic energy systems (Helgerud et al., 2007).
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Figure 1

Maximal Intensity-Duration Relationship

6-8hrs +————-
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Note. Exercise-intensity domains are categorized relative to key physiological thresholds.
Threshold 1 (T1) represents the first ventilatory threshold (VT1) or first lactate threshold (LT1).
Threshold 2 (T2) represents the upper boundary of the heavy-intensity domain, commonly
associated with the second lactate threshold (LT2) or critical power (CP). The severe domain
occurs above T2, whereas the extreme domain comprises the highest-intensity efforts, during
which fatigue develops before VOmax can be attained. Adapted conceptually from Rosenblat et

al. (2023).

Physiological Basis of Aerobic Exercise

Aerobic exercise places significant demands on the cardiovascular, respiratory, and
thermoregulatory systems, which must be regulated to sustain prolonged activity (Bassett, 2000).
The cardiovascular system delivers oxygenated blood to working muscles and facilitates the
removal of metabolic waste products (Patel et al., 2017). The respiratory system facilitates gas

exchange to meet the rising oxygen demand of aerobic metabolism (Korivi et al., 2025). During
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sustained exercise, ventilation and pulmonary gas exchange increase in proportion to metabolic
demand to preserve arterial oxygen saturation (Dominelli & Sheel, 2024).

The thermoregulatory system attempts to maintain homeostasis through mechanisms such
as vasodilation and sweating to facilitate heat dissipation (Périard et al., 2021; Racinais et al.,
2015; Tan & Knight, 2018). These competing circulatory demands become particularly
pronounced in hot environments, where the distribution of blood flow between the skin and
active musculature may be challenged (Gonzalez-Alonso et al., 1999). Thermoregulatory strain
influences thermal sensation (TS), a subjective perception reflecting the integration of core and
skin thermal signals, thermoregulatory cardiovascular adjustments, and central processing
mechanisms (Gonzalez-Alonso et al., 2007; Montain & Coyle, 1992).

One consequence of sustained thermoregulatory strain during prolonged steady-state
exercise is cardiovascular drift, defined as a progressive increase in heart rate accompanied by a
reduction in stroke volume despite constant external workload (Wingo et al., 2005).
Cardiovascular drift has been associated with reductions in maximal oxygen uptake over time,
with decreases of approximately 15% observed during prolonged exercise (Wingo et al., 2005).
As core temperature rises, physiological responses, including cardiovascular drift, elevated
respiratory rates, and central fatigue, contribute to progressive declines in aerobic performance
(Bassett, 2000; Périard et al., 2021; Racinais et al., 2015).

Fatigue during endurance exercise arises from the interaction of central and peripheral
mechanisms (Tornero-Aguilera et al., 2022). Peripheral fatigue originates in skeletal muscle and
is influenced by metabolic disturbances, including pH changes, substrate depletion, and ionic
imbalances (Allen et al., 2008; Tornero-Aguilera et al., 2022). Central fatigue is commonly

defined as a reduction in voluntary neural drive originating within the central nervous system
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(CNS) and is influenced by factors such as cerebral temperature and perceived effort (Noakes,
2012; Tornero-Aguilera et al., 2022). In endurance tasks, volitional fatigue refers to the
conscious decision to terminate exercise when perceived effort or discomfort becomes
intolerable, reflecting central regulation rather than absolute physiological limitation (Pageaux &
Lepers, 2016). Under conditions of high TS, these central mechanisms may play a greater role,
as elevated brain temperature and discomfort reduce motor output (Taylor et al., 2016). As a
result, thermally driven perceptual strain can impair pacing strategies and reduce endurance
performance (Skorski & Abbiss, 2017). Collectively, these physiological and perceptual
mechanisms contribute to the regulation of exercise tolerance and pacing behaviour during self-

paced endurance performance.

Assessing Endurance Performance
Aerobic Performance Testing

Endurance performance is multifactorial and influenced by the interaction of
physiological capacity, perceptual regulation, pacing behaviour, and environmental conditions,
requiring testing protocols that accurately reflect the demands of sustained exercise performance.
In exercise physiology research and competitive sport, performance testing is used to evaluate
aerobic capacity, endurance, and the efficacy of performance-enhancing interventions (Puente-
Maestu et al., 2016). Several laboratory-based and field-based protocols are used to assess
aerobic endurance performance, each providing distinct physiological and performance-related
information depending on the test objective (Lollgen & Leyk, 2018).

VO:max is regarded as the gold standard of aerobic capacity and endurance potential;

however, it does not directly reflect performance during self-paced endurance exercise (Bassett,
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2000; Poole et al., 2008). A VO:max test measures the maximum rate of oxygen consumption
during an incremental exercise test until exhaustion (Beltz et al., 2016). VO2max is commonly
assessed using a graded exercise test performed on a treadmill or cycle ergometer (Beltz et al.,
2016). A typical treadmill graded exercise protocol is based on the original Bruce protocol,
which starts at 1.7 mph at a 10% incline, with an increase of 0.8 mph and a 2% incline increase
every 3 minutes (Bruce et al., 1963). VO.max may be estimated using predictive submaximal
exercise tests or directly measured using metabolic carts during maximal graded exercise
protocols that quantify oxygen consumption and carbon dioxide production (Santtila et al.,
2013).

VO:max is typically identified when oxygen consumption plateaus despite an increase in
exercise intensity (Santtila et al., 2013). The benefits of VOmax testing include the direct
measurement of oxygen consumption and carbon dioxide production, allowing for the
calculation of respiratory exchange ratio (RER) and the identification of ventilatory thresholds
using standardized metabolic protocols (Beltz et al., 2016). However, VO:2max tests are
psychologically demanding, require specialized equipment, and lack ecological validity because
they exclude pacing strategy (Beltz et al., 2016). Consequently, performance-based protocols
that incorporate self-paced exercise may provide greater ecological validity and sensitivity to
perceptual interventions that influence pacing behaviour and exercise tolerance (Abbiss &
Laursen, 2008; Marcora, 2008; Mauger et al., 2009). Accordingly, protocol selection is an
important methodological consideration because different testing approaches may vary in their
sensitivity to pacing behaviour, perceptual responses, exercise tolerance, and physiological
determinants beyond VO:max alone, including oxygen delivery, metabolic efficiency, and

neuromuscular factors (Jacobs et al., 2011).
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Performance Test Modalities

Given the limited sensitivity of VO.max tests for detecting performance changes
following interventions, performance-based exercise tests are frequently used in applied research
(Fisher et al., 2017). Two common performance assessment approaches include time-to-
exhaustion (TTE) and time-trial (TT) protocols. A TTE test involves participants exercising at a
predetermined constant workload, often expressed relative to a percentage of VO2max or peak
power output, until volitional exhaustion is reached (Laursen et al., 2007). Volitional exhaustion
is defined as the point at which the individual indicates an inability to continue exercising despite
verbal encouragement (Weinstein et al., 2013). In contrast, TT protocols require participants
either to complete a predetermined distance as quickly as possible or to maximize performance
over a predetermined duration while self-pacing throughout the trial (Fisher et al., 2017). As TT
protocols permit continuous self-regulation of exercise intensity, performance is influenced by
the ongoing integration of physiological and perceptual feedback throughout the trial (Abbiss &
Laursen, 2008).

In cycling TT research, performance is commonly expressed relative to body mass to
facilitate comparison across participants of differing body sizes (Vos et al., 2025). Much of the
existing endurance performance research has employed cycling protocols because they provide
enhanced workload control and laboratory standardization (Beltz et al., 2016). Cycling also
facilitates continuous measurement of physiological (e.g., heart rate) and perceptual responses
without interruption, as demonstrated during laboratory cycling time trials where heart rate and
pacing behaviour are recorded throughout the effort (Funnell et al., 2023). Additionally, the
seated posture and fixed task constraints of cycling time trials improve within-subject reliability

for detecting small condition-related changes in performance and perception, with lab protocols



22

demonstrating high consistency in repeated trials when standardized (Jusoh et al., 2015).
Although both TTE and TT protocols are commonly used to assess endurance
performance, TT protocols are generally considered to possess greater ecological validity
because they more closely replicate the self-paced nature of competitive endurance events and
allow for continuous pacing adjustments in response to physiological and perceptual feedback
(Abbiss & Laursen, 2008; Currell & Jeukendrup, 2008). Consequently, self-paced TT protocols
may be particularly appropriate for investigating perceptual ergogenic aids such as menthol,
which are proposed to influence exercise tolerance through alterations in perceived exertion,
thermal sensation, and respiratory comfort (Abbiss & Laursen, 2008; Barwood et al., 2020;

Marcora, 2008; Stevens & Best, 2017).

Strengths and Limitations of Endurance Performance Tests

Both TTE and TT protocols possess distinct methodological strengths and limitations that
should be considered when selecting endurance performance assessments for exercise
physiology research. TTE protocols are highly controlled and sensitive to physiological changes
but lack ecological validity, as they do not incorporate pacing strategies (Currell & Jeukendrup,
2008). TTE protocols may be influenced by participant motivation and subjective termination
criteria, potentially reducing test-retest reliability (Laursen & Jenkins, 2002). TT protocols allow
participants to adjust intensity based on TS, RC, and RPE, closely reflecting endurance
competition and enhancing ecological validity (Davies et al., 2016; Yu et al., 2024). Ecological
validity refers to the extent to which a laboratory protocol reflects the pacing behaviours and
perceptual demands characteristic of real-world endurance competition (Abbiss & Laursen,

2008; Aratjo et al., 2007). Time-trial protocols have demonstrated strong reliability and validity
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for assessing endurance performance, particularly when standardized procedures and
familiarization sessions are implemented, supporting their use in intervention-based research
(McGawley, 2017). Familiarization can improve the reliability of TT protocols by reducing
learning effects and helping participants establish more consistent pacing strategies (Currell &
Jeukendrup, 2008; Hibbert et al., 2017).

For perceptual interventions such as menthol, TT protocols are particularly relevant
because alterations in perceived exertion, thermal sensation, and respiratory comfort may
directly influence pacing behaviour, exercise tolerance, and subsequent performance outcomes
during self-paced exercise (Marcora, 2008; Stevens & Best, 2017). Laboratory-based studies
provide greater experimental control of the environment and measurement precision, whereas
field-based studies offer greater ecological validity (Martin et al., 2025; Peserico & Machado,
2014). The selection of laboratory- or field-based testing environments is also an important
methodological consideration, as environmental cues and external conditions may influence
pacing behaviour and endurance performance outcomes (Martin et al., 2025). Laboratory settings
may be useful for evaluating perceptual ergogenic aids because controlled environments improve
internal validity and minimize external factors that may independently influence perceptual
responses and pacing behaviour (Barwood et al., 2020; Currell & Jeukendrup, 2008).

A 15-minute self-paced TT may be particularly well suited for investigating perceptual
ergogenic aids because it is reliable and long enough to elicit meaningful perceptual strain during
exercise (Moss et al., 2021). Similar-duration self-paced cycling TT protocols have been used to
examine pacing behaviour, perceived exertion, thermal sensation, and the effects of perceptual

ergogenic aids on endurance performance (Funnell et al., 2023; Moss et al., 2021).
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Sex-Based Considerations in Endurance Testing

Biological sex is commonly characterized by chromosomal, anatomical, hormonal, and
physiological traits that typically differ between males and females (Delp et al., 2024;
Torgrimson & Minson, 2005). In contrast, gender is a social construct that refers to socially
defined roles and behaviours and is related to, but distinct from, biological sex (Torgrimson &
Minson, 2005). Sex-based physiological differences may influence endurance exercise
performance through variations in cardiopulmonary function, substrate metabolism,
thermoregulation, and perceptual responses to exercise (Ansdell et al., 2020). Females generally
exhibit lower absolute VO.max values than males, largely because of sex-based differences in
heart size, hemoglobin concentration, and stroke volume (Bassareo & Crisafulli, 2019).
However, when VO:max is normalized to body mass, these differences are reduced (Martins et
al., 2023). Pulmonary limitations may be more pronounced in females, who typically have
smaller lungs and narrower airways relative to their body size, potentially resulting in higher
ventilatory effort during high-intensity exercise (LoMauro & Aliverti, 2018). Despite these
physiological differences, sex-based differences in relative endurance performance may be
reduced when training status, body composition, and performance scaling are appropriately
considered (Cano et al., 2021).

Sex-based differences in substrate metabolism may also influence endurance regulation
and fatigue development during prolonged exercise because of variations in hormonal regulation,
muscle fibre composition, and enzymatic activity (Cano et al., 2021). Females rely more heavily
on lipid oxidation and conserve glycogen stores more efficiently during submaximal endurance
exercise (Cano et al., 2021). This reliance on lipid oxidation may be attributable to estrogen’s

influence on substrate utilization (Cano et al., 2021). In contrast, males rely more heavily on
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carbohydrate metabolism and use greater glycogen stores during endurance exercise (Cano et al.,
2021). This greater reliance on carbohydrate metabolism may reflect lower estrogen
concentrations, greater muscle mass, a higher proportion of type II muscle fibres, and greater
catecholamine responses (Lundsgaard & Kiens, 2014). Collectively, these physiological and
metabolic differences may contribute to sex-based variation in endurance performance, fatigue

development, and perceptual responses during exercise (Cano et al., 2021).

Menstrual Cycle Physiology

A eumenorrheic menstrual cycle typically ranges from 21 to 35 days and consists of
follicular and luteal phases characterized by fluctuating concentrations of estrogen and
progesterone (Carmichael et al., 2021; Fehring et al., 2006). These hormonal fluctuations may
influence thermoregulatory and metabolic processes during exercise, with evidence
demonstrating alterations in heat dissipation and core temperature regulation across menstrual
cycle phases (Giersch et al., 2020; Pereira et al., 2020). However, associated perceptual
responses, including ratings of perceived exertion and thermal discomfort, exhibit substantial
inter-individual variability and do not consistently differ across menstrual cycle phases (McNulty
et al., 2020; Pereira et al., 2020). Current evidence suggests that menstrual cycle phase exerts
trivial-to-small effects on endurance performance, with substantial inter-individual variability
and inconsistent findings reported across studies (McNulty et al., 2020; Meignié et al., 2021).
Consistent with this, McLay et al. (2007) reported no significant differences in cycling time-trial
performance across menstrual phases, and a large meta-analysis by McNulty et al. (2020)
demonstrated that between-participant variability exceeds any phase-related differences in

endurance performance. Furthermore, recent investigations report no significant differences in
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ratings of perceived exertion or thermal perception across menstrual cycle phases during
prolonged self-paced exercise (Christison et al., 2025; Rael et al., 2021). Collectively, these
findings suggest that although menstrual cycle physiology may influence certain
thermoregulatory and metabolic responses during exercise, its effects on endurance performance
and perceptual responses during self-paced exercise appear to be relatively small and highly

variable between individuals.

Menstrual Cycle Considerations and Methodological Approach

Given the limited and inconsistent effects of menstrual cycle phase on endurance
performance and perceptual responses reported in the current literature, the present study did not
experimentally control for menstrual cycle phase. Accurate menstrual cycle phase classification
typically requires biochemical verification methods, which were not feasible within the logistical
scope of the study. Self-reported menstrual cycle phase has been shown to be unreliable and may
introduce greater misclassification error than benefit (Hamidovic et al., 2020). Additionally,
restricting testing to specific cycle phases would reduce recruitment feasibility and limit external
validity (McNulty et al., 2020). Importantly, competitive endurance events are not scheduled
according to menstrual cycle phase; therefore, strict phase-based control may reduce the
ecological validity of time-trial research (Elliott-Sale et al., 2021).

Hormonal contraceptive use (e.g., oral contraceptives, hormonal intrauterine devices
[IUDs], or other systemic hormonal contraceptive methods) may alter endogenous hormonal
profiles and thermoregulatory responses during exercise (Grucza et al., 1993). Hormonal
contraceptive use is common within the studied age range and is associated with more stable

circulating hormone concentrations compared with naturally cycling individuals (Elliott-Sale et
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al., 2021). However, current evidence suggests that hormonal contraceptive use does not
consistently produce meaningful differences in endurance time-trial performance or perceptual
responses (Grucza et al., 1993). Participants were not excluded based on contraceptive use;
instead, contraceptive status was documented and acknowledged as a potential source of inter-
individual variability (Elliott-Sale et al., 2021). Consequently, menstrual cycle phase and
hormonal contraceptive use were acknowledged as potential sources of inter-individual
variability rather than experimentally controlled variables, consistent with current
methodological recommendations for perceptual and performance-based endurance research

(Elliott-Sale et al., 2021).

Performance Outcome Scaling

Time-trial performance is commonly quantified as the total distance covered (m),
representing absolute cycling performance during a self-paced endurance task (Abbiss &
Laursen, 2008). Absolute performance outcomes preserve ecological validity by reflecting the
participant’s actual cycling performance. However, because males generally possess greater
body mass and lean muscle mass than females, absolute performance metrics may partly reflect
differences in body size rather than physiological capacity alone (Ansdell et al., 2020;
Bartolomei et al., 2021; Tanaka et al., 1993). To provide a body-mass-relative measure,
endurance performance can also be expressed relative to body mass (m-kg™), allowing absolute
and size-relative outcomes to be considered together (Kappus et al., 2015; Santana et al., 2024).
Reporting both absolute performance (m) and body-mass-normalized performance (m-kg™)
therefore provides complementary perspectives on performance across individuals of differing

body sizes (Abbiss et al., 2016; Aragjo et al., 2007).
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Sex-Based Differences in Perceptual Responses

Beyond methodological considerations related to menstrual cycle variability, sex-based
differences in perceptual responses during endurance exercise may further influence performance
regulation and responses to perceptual interventions. Female participants have been shown to
perceive thermal stress during exercise-induced hyperthermia as hotter, less comfortable, more
unpleasant, and more stressful compared with males (Schoech et al., 2021). For example,
Schoech et al. (2021) reported significant main effects of sex for thermal sensation (F(1, 20) =
4.59, p <.05), thermal comfort (F(1, 20) =4.78, p <.04), and thermal pleasantness (F(1, 20) =
4.79, p < .04), with females consistently rating the same thermal environment as hotter and more
uncomfortable than males. Females may also experience greater breathing discomfort at a given
ventilation rate compared with males, potentially contributing to differences in respiratory
perception during endurance exercise (Cory et al., 2015). Sex-based differences in perceived
exertion have also been reported, with females potentially reporting higher RPE values than
males at equivalent absolute workloads; however, findings become less consistent when exercise
intensity is normalized relative to individual capacity (Garcin et al., 2005; Springer & Pincivero,
2009). Additionally, sex differences in cognitive and perceptual processes, including time
perception during self-paced exercise, may further influence pacing behaviour and endurance
performance outcomes (Hanson & Buckworth, 2016).

Both sexes have demonstrated lower thermal sensation following menthol administration;
however, the time course and translation of that response into performance may differ by sex.
Parton et al. (2021) reported that oral menthol lowered thermal sensation in males and females
during fixed-RPE exercise in the heat, but the reduction was maintained for only part of the trial

among females. Males significantly increased power output, whereas females did not. As



29

endurance performance is influenced by physiological capacity as well as perceptual and
psychological regulation, examining sex-based differences in perceptual responses is central to

understanding potential sex-related differences in response to menthol in the present study.

Protocol Selection for Sex-Based Differences

Accounting for sex-specific physiological and perceptual variables in experimental
design can improve the validity, reliability, and generalizability of endurance performance
research (White et al., 2021). Historically, endurance exercise research has predominantly been
conducted using male participants, with female-specific physiological and hormonal
considerations often underrepresented or insufficiently controlled within experimental designs
(White et al., 2021). This reflects broader research practices in which sex has not consistently
been treated as a critical biological variable, despite increasing recognition that its inclusion
improves scientific rigour, reproducibility, and generalizability of exercise physiology findings
(Maney et al., 2023).

Protocol selection may be particularly important when investigating sex-based
differences in endurance exercise because physiological and perceptual responses may vary
depending on whether exercise is externally controlled or self-paced. Self-paced TT protocols
may be useful for identifying potential sex-related differences in pacing behaviour, thermal
perception, respiratory comfort, and ratings of perceived exertion because self-paced exercise
requires the continuous integration of physiological and perceptual feedback (Abbiss & Laursen,
2008; Marcora, 2008). Consequently, incorporating both male and female participants within
ecologically valid self-paced exercise protocols may improve understanding of whether

responses to perceptual ergogenic aids such as menthol differ between sexes.
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Ergogenic Aids for Endurance Performance
Classifications of Ergogenic Aids

Ergogenic aids are widely used within athletic populations to enhance training
adaptations, delay fatigue, and improve competitive performance, with approximately 50% of
athletes reporting the use of at least one ergogenic aid (Fraczek et al., 2016; Maughan, 1999;
Thein et al., 1995; Vitale & Getzin, 2019). Within endurance sport, ergogenic aids may include
substances, strategies, or devices intended to enhance performance through improvements in
physiological capacity, perceptual regulation, thermoregulation, or pacing behaviour (Maughan
et al., 2018; Peeling et al., 2018). Ergogenic aids are commonly classified as nutritional,
pharmacological, physiological, mechanical, or perceptual/psychological interventions, each
targeting distinct mechanisms associated with fatigue resistance and exercise performance
(Maughan et al., 2018; Peeling et al., 2018).

Mechanistically, ergogenic aids may influence endurance performance through both
peripheral physiological adaptations and central alterations in fatigue perception and exercise
regulation (Wigcek & Karolkiewicz, 2023). Peripheral ergogenic mechanisms primarily
influence physiological processes within skeletal muscle and cardiovascular systems that
contribute to energy production and fatigue resistance during exercise (Jezek et al., 2022). For
example, sodium bicarbonate functions as a buffering agent to delay the onset of metabolic
acidosis, and creatine enhances muscle phosphocreatine storage to support intense energy
demands (Hadzic et al., 2019). In contrast, central ergogenic mechanisms act through the central
nervous system to alter fatigue perception, perceived exertion, motivation, and exercise tolerance
during endurance exercise (Tornero-Aguilera et al., 2022). Caffeine functions as an adenosine

receptor antagonist, reducing perceived exertion and improving alertness (Cappelletti et al.,



2014). Among these approaches, perceptual ergogenic aids have received increasing attention
because they may enhance endurance performance through alterations in thermal perception,
perceived exertion, respiratory comfort, and pacing behaviour without directly modifying

physiological capacity.

Physiological Limitations Targeted by Ergogenic Aids
Endurance performance is limited by a combination of physiological and perceptual
factors that contribute to fatigue development and reductions in exercise capacity during

prolonged exercise (Marcora, 2008; Pageaux, 2014). Prolonged periods of elevated respiratory
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rates can lead to respiratory muscle fatigue, activating sympathetic vasoconstriction through the

respiratory metaboreflex and contributing to performance decline (Johnson et al., 1996).

Thermoregulatory strain is another key factor that can influence endurance performance during

prolonged exercise (Nybo & Nielsen, 2001; Stevens et al., 2018). Nybo and Nielsen (2001)
reported that elevations in brain temperature toward approximately 40°C were associated with
reduced voluntary muscle activation. Elevated brain temperature and increased perceptual
discomfort may interact to influence pacing decisions, exercise tolerance, and endurance
performance by altering the athlete’s perception of effort and willingness to sustain exercise
intensity (Stevens et al., 2018). Among perceptual ergogenic aids, menthol has received
increasing attention because of its thermosensory properties and potential influence during

endurance exercise, although its application through nasal inhalation remains underexplored

(Mauger, 2014).
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Menthol as a Perceptual Ergogenic Aid

Menthol is a naturally occurring organic compound derived from plants of the Mentha
genus, although it may also be produced synthetically (Kamatou et al., 2013). Menthol is widely
used in consumer and pharmaceutical products, including topical analgesics, cough suppressants,
lozenges, and cooling gels because of its characteristic cooling sensation and sensory effects
(Kamatou et al., 2013). In exercise research, menthol is known for its perceived cooling
properties, analgesic effects, and distinct odour (Kamatou et al., 2013; Pergolizzi et al., 2018).
Several menthol stereoisomers exist; however, L-menthol is the most commonly used form in
exercise research and produces the strongest cooling sensation (Jeffries & Waldron, 2019).
Menthol has received increasing attention as a perceptual ergogenic aid, particularly in hot and
humid environments, where it has been shown to reduce perceived exertion and thermal
sensation while improving respiratory comfort during endurance exercise (Flood, 2018).

Regardless of the route of administration, menthol primarily exerts its perceptual effects
through interactions with transient receptor potential melastatin 8 (TRPMS) and transient
receptor potential vanilloid 1 (TRPV1) channels. Menthol activates TRPMS8 channels in oral,
nasal, and dermal tissues and can modulate TRPV1 activity, contributing to a subjective cooling
sensation without necessarily reducing core or skin temperature (Barwood et al., 2020; Takaishi
et al., 2015; Than et al., 2013; Yosipovitch et al., 1996). TRP channels are expressed in
thermosensory neurons that innervate trigeminal nerve endings, particularly within the nasal
cavity respiratory epithelium (Than et al., 2013). The nasal cavity contains a dense network of
sensory afferents that project to cortical regions involved in thermosensation and perception
(Than et al., 2013). The TRPMS channel is a thermosensitive receptor that responds to cool

temperatures or chemical stimuli, such as menthol (Yosipovitch et al., 1996).
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During prolonged exercise, menthol may improve thermal sensation through modulation
of thermosensory afferent feedback (Jang et al., 2015). Previous research has primarily examined
airflow sensation and respiratory responses at rest, whereas only one study has investigated
menthol inhalation during exercise in a clinical population. Schaeffer et al. (2025) examined
continuous menthol inhalation during constant-load cycling exercise in adults with COPD.
Menthol reduced dyspnea and enhanced perceived inspiratory airflow but did not improve
exercise endurance time; the study did not assess self-paced performance. Accordingly, the
effects of menthol nasal inhalation on self-paced endurance performance, perceptual responses,

and physiological responses in healthy, physically active individuals remain largely unexplored.

Physiological Mechanisms of Menthol
TRPMS8 Channel Activation

TRPMS is a non-selective thermosensory cation receptor channel expressed in peripheral
nociceptor terminals (Lamberti et al., 2025). Trigeminal sensory afferent fibres expressing
TRPMB& are abundant within the subepithelial layer of the nasal mucosa (Liu et al., 2015).
TRPMB& is activated by cool temperatures (< 28°C) or chemical stimuli such as menthol (Iftinca
& Altier, 2020; Lamberti et al., 2025). Upon activation, TRPMS permits calcium and sodium
influx, resulting in depolarization of trigeminal nerve endings located within the nasal epithelium
(Iftinca & Altier, 2020; Liu et al., 2013). This depolarization generates action potentials that
travel through the trigeminal nerve to the brainstem, with ascending projections to the thalamus
and somatosensory cortex (Liu et al., 2013; Renner & Schreiber, 2012). These neural signals are
integrated cortically and perceived as a cooling sensation despite no reduction in core or skin

temperature (Peier et al., 2002).
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The resulting cooling sensation has been associated with reduced TS, improved RC, and
lower RPE, particularly in hot environments (Barwood et al., 2020; Stevens & Best, 2017). The
magnitude of these perceptual responses may be concentration-dependent, as higher menthol
concentrations have been shown to elicit greater alterations in thermal perception and
thermoregulatory responses (Gillis et al., 2020). This proposed perceptual pathway is illustrated
in Figure 2. Through these perceptual mechanisms, menthol may influence exercise tolerance by
altering thermal sensation and perceived discomfort during endurance exercise (Jeffries &

Waldron, 2019).

Figure 2

Proposed Perceptual Effects of Menthol During Exercise
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Note. Proposed perceptual pathway of L-menthol, illustrating its effects on thermal sensation,
perceived exertion, respiratory comfort, pacing, and aerobic performance. Adapted conceptually

from Stevens and Best (2017) and Barwood et al. (2020).
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TRPVI Channel Involvement

The TRPV1 channel is sensitive to capsaicin, hot temperatures (>43°C), and acidic
conditions (pH 4.0—-6.5) (Shuba, 2021). TRPV1 contributes to thermosensory signalling and
plays a key role in the perception of heat and thermal discomfort during intense exercise (Shuba,
2021). At high concentrations, menthol may activate TRPV1 channels (Takaishi et al., 2015).
However, at the lower concentrations commonly used in exercise research, menthol inhibits
TRPV1 activation induced by heat or capsaicin, the compound responsible for the characteristic
burning sensation associated with chili peppers (Takaishi et al., 2015). Menthol-mediated
inhibition of TRPV1 may reduce calcium influx into sensory neurons, potentially attenuating the
perception of heat stress (Takaishi et al., 2015). As TRPV1 channels are involved in the
transmission of nociceptive and heat-related sensory signals, menthol-mediated inhibition may
attenuate the perception of thermal strain and discomfort during exercise (Takaishi et al., 2015;
Zhang et al., 2023). Together with TRPMS activation, inhibition of TRPV1 may contribute to the
cooling sensation and reduction in thermal discomfort associated with menthol administration,
potentially enhancing exercise tolerance during endurance exercise performed in thermally

challenging environments (Li et al., 2022).

Menthol Administration Methods

Menthol can be delivered through several administration methods that differ in onset
speed and duration of action. The most investigated menthol administration methods in exercise
research include nasal inhalation, oral rinsing, and topical application (Stevens & Best, 2017).
Nasal inhalation delivers menthol to the nasal and upper-airway mucosa, producing a rapid

cooling sensation through activation of thermosensitive receptors (Eccles et al., 1988). This
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method may be relevant to endurance exercise because it influences sensations of airflow and
breathing discomfort (Nishino et al., 1997). Oral rinsing involves participants swishing a
menthol solution within the oral cavity without swallowing, allowing stimulation of oral
thermosensory receptors while minimizing ingestion (Gavel et al., 2021). Menthol mouth rinsing
activates TRPMS channels in the oral cavity and may simultaneously improve RC and overall
comfort during exercise (Gavel et al., 2021). Topical application of menthol to the skin, typically
the face, neck, or limbs, can stimulate peripheral receptors and potentially enhance whole-body
thermal perception (Jeffries & Waldron, 2019). Menthol is incorporated into commercially
available topical products marketed for musculoskeletal pain relief and menstrual discomfort,
reflecting menthol’s broader application in thermosensory modulation and perceived symptom
relief (Kamatou et al., 2013; Pergolizzi et al., 2018). Although all three administration methods
stimulate thermosensory pathways, they differ in the location, onset, and duration of receptor
activation, which may influence their effectiveness during endurance exercise.

Previous investigations have demonstrated that menthol delivered via nasal inhalation
produces an immediate perceptual cooling sensation and enhanced perception of nasal airflow,
consistent with trigeminally mediated sensory effects rather than changes in physiological
airflow (Lindemann et al., 2008). For oral rinsing, activation of oral TRPMS receptors occurs
rapidly, typically within seconds to a few minutes following administration (Stevens et al.,
2016). The perceptual effects of menthol oral rinsing typically persist for 10—15 minutes
following administration (Stevens & Best, 2017).

Compared with nasal inhalation and oral rinsing, topical application produces a slower
onset of action because menthol must diffuse through the skin before reaching thermosensory

receptors (Silva, 2020). Due to menthol’s lipophilic properties, it may accumulate within dermal
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tissues, prolonging perceptual and vasoactive effects during exercise (Craighead et al., 2016).
Menthol application to the skin produces vasoactive effects within approximately 15 minutes that
may persist for up to 1 hour (Craighead et al., 2016). Topical menthol may serve as a pre-
exercise cooling strategy that continues to exert perceptual effects during exercise, thereby

reducing perceived heat strain (Keringer et al., 2020).

Potential Risks and Safety Considerations of Menthol Use

Menthol’s ability to alter thermal perception warrants consideration of potential safety
implications during exercise. Unlike traditional cooling strategies that reduce core or skin
temperature, menthol elicits a subjective cooling sensation by activating thermosensitive
receptors without inducing physiological heat dissipation (Barwood et al., 2020; Kamatou et al.,
2013). This dissociation between perceived and actual thermal strain may mask physiological
stress during prolonged or high-intensity exercise (Barwood et al., 2020; Stevens et al., 2016).
Reductions in thermal sensation may influence pacing decisions and perceptions of thermal
strain, particularly in warm environments (Stevens et al., 2016). As thermal discomfort serves as
an important protective feedback mechanism during exercise, attenuating this perceptual signal
may increase the risk of excessive heat strain under certain environmental conditions (Nybo &
Nielsen, 2001). Similar concerns have been reported in topical menthol studies, where delayed
sweating onset and vasoconstriction may impair heat dissipation (Kounalakis et al., 2010).

However, repeated administration protocols using low menthol concentrations have not
been associated with serious adverse outcomes in healthy participants during controlled
laboratory exercise trials (Barwood et al., 2015; Jeffries et al., 2018; Stevens et al., 2016). These

studies have included oral rinse solutions containing approximately 0.01% menthol and topical
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formulations containing 5-8% menthol, administered under controlled experimental conditions
(Jeffries et al., 2018; Peel et al., 2023; Schlader et al., 2011; Stevens et al., 2016). Low to
moderate menthol concentrations have generally been well tolerated in exercise studies, with
mild sensory effects such as nasal or throat irritation reported (Jeffries & Waldron, 2019;
Pergolizzi et al., 2018). These findings emphasize the importance of standardized administration

protocols and appropriate safety precautions when menthol is used during exercise.

Relevance of Menthol to Endurance Exercise

Menthol may be particularly relevant during time-trial performance because pacing
during TT protocols is strongly influenced by perceptual cues (De Camargo et al., 2022). During
self-paced TTs, pacing behaviour is continuously regulated by perceptual cues such as perceived
exertion, thermal sensation, and respiratory comfort (O'Malley et al., 2023). Through activation
of TRPMS channels, menthol shifts thermal sensation toward a cooler perceptual state and may
improve respiratory comfort during exercise (Vogel et al., 2023). Collectively, these perceptual
effects may influence exercise tolerance and pacing behaviour during self-paced endurance
exercise (see Figure 3). Consequently, menthol may be particularly relevant when thermal strain
or respiratory discomfort contributes to pacing behaviour during endurance exercise (Jeffries &

Waldron, 2019; Stevens & Best, 2017).
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Figure 3

Proposed Effects of Menthol on Ventilatory Drive
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Note. Conceptual model illustrating proposed relationships among menthol stimulation of upper-
airway cold receptors, respiratory drive, ventilation, and blood PCO.. Adapted from Eccles

(2003).

Effects of Menthol Administration on Endurance Performance
Oral Rinsing

Oral menthol rinsing involves swilling a menthol-containing solution in the mouth for
approximately five seconds before expelling it (Miindel & Jones, 2010; Stevens et al., 2016).
This method stimulates TRPMS thermoreceptors within the oral cavity and oropharynx without
ingestion (Gavel et al., 2024b). Miindel and Jones (2010) examined the effects of menthol mouth
rinsing on time-to-exhaustion during cycling in hot conditions. The authors hypothesized that
activation of thermosensitive receptors would enhance subjective comfort and extend exercise
duration by attenuating the rise in thermal sensation. Nine non-acclimatised healthy male

participants completed placebo-controlled trials in a heat chamber (34 = 1°C; 27 & 4% relative
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humidity). The menthol rinse (25 mL; 0.01%) significantly increased exercise capacity and
reduced cardiopulmonary ratings of perceived exertion compared with placebo.

Building upon these findings, Stevens et al. (2016) investigated repeated menthol rinsing
during a self-paced 5-km running time trial in the heat (33°C; 46% relative humidity). Eleven
moderately trained male runners completed trials with a control solution, ice slurry ingestion,
and a 25 mL (0.01%) menthol rinse administered every two hundred meters. The menthol
condition resulted in faster completion times, along with reduced thermal sensation and
perceived exertion, indicating perceptual rather than physiological cooling effects. Jeffties et al.
(2018) further examined menthol rinsing during time-to-exhaustion cycling in hot conditions
(35°C). Ten male participants received a menthol rinse, ice slurry ingestion, or placebo at 85% of
baseline exercise duration. The menthol rinse significantly increased exercise time compared
with placebo, with no difference between menthol and ice slurry conditions. Core and skin
temperatures remained unchanged; however, a large effect size was observed for thermal
sensation, supporting a perceptual cooling mechanism (Jeffries et al., 2018).

Several studies have implemented repeated menthol administration throughout exercise
to provide intermittent perceptual stimulation (Jeffries et al., 2018; Miindel & Jones, 2010;
Stevens et al., 2016). Collectively, these studies suggest that oral menthol rinsing can improve
endurance performance and perceptual responses such as perceived exertion and thermal
discomfort, particularly in hot environments (Jeffries et al., 2018; Miindel & Jones, 2010; Roriz
et al., 2024; Stevens et al., 2016; Trong et al., 2015). However, most of these investigations
recruited exclusively or predominantly male participants, limiting the ability to draw conclusions

regarding potential sex-based differences in response to menthol.
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Topical Application

Topical menthol application involves the use of gels, sprays, or creams applied directly to
the skin, which activate cutaneous thermoreceptors primarily via TRPMS channels (Iftinca &
Altier, 2020). Topical menthol has been associated with vasoconstriction, delayed onset of
sweating, and analgesic effects (Barwood et al., 2020; Finch & Drummond, 2015; Kounalakis et
al., 2010). When applied over large skin areas, TRPMS8-mediated vasoconstriction may impair
heat dissipation and increase rectal temperature, potentially compromising endurance
performance in hot environments (Kounalakis et al., 2010; Nybo & Nielsen, 2001). Menthol
exhibits well-documented analgesic properties resulting from its interaction with afferent nerves
at the dermal-epidermal junction (Galeotti et al., 2002; Pergolizzi et al., 2018).

Peel et al. (2023) examined the effects of a 5% menthol topical cream applied 20 minutes
prior to time-to-exhaustion cycling in the heat (35°C; 20% relative humidity). The study
included 10 physically active participants (7 males and 3 females), who completed randomized
crossover trials at 70% Wmax during a time-to-exhaustion test. No ergogenic effect on
performance was observed; however, reductions in pain, perceived exertion, and thermal
sensation were reported. Conversely, Schlader et al. (2011) studied twelve physically active
males and demonstrated a 21% improvement in time-to-exhaustion following application of an
8% menthol gel to the face, despite no changes in core temperature or sweat rate. Reduced
thermal sensation occurred without alterations in facial temperature, supporting menthol’s
perceptual mechanism of action.

Collectively, current evidence suggests that topical menthol can improve perceptual
outcomes such as thermal sensation, pain, and perceived exertion; however, translation of these

effects into reliable endurance performance improvements remains inconsistent (Jeffries &
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Waldron, 2019; Stevens & Best, 2017). Like oral administration studies, topical menthol
research has involved male-dominated samples, further limiting understanding of potential sex-

specific responses.

Nasal Inhalation

In contrast to topical administration, nasal inhalation delivers menthol vapour directly to
thermosensitive receptors within the nasal mucosa. This route has emerged as a promising
method of administration for targeting perceptual mechanisms relevant to endurance
performance rather than inducing physiological cooling (Liu et al., 2013). Nasal inhalation
directly stimulates the high density of TRPMS receptors located within the upper nasal cavity
and respiratory tract, which are sensitive to chemical stimuli such as menthol (Iftinca & Altier,
2020). This dense distribution of thermosensitive receptors facilitates rapid trigeminal activation
and cortical perception of cooling following menthol exposure (Riera et al., 2014). Activation of
TRPMBS receptors via nasal exposure has been associated with enhanced airflow sensation and
reduced respiratory discomfort through trigeminal afferent signalling pathways (Eccles et al.,
1988; Naito et al., 1997).

Early investigations employed acute, single-dose menthol vapour exposures delivered
intranasally, typically via crystalline menthol positioned near the nostrils or menthol-infused
airflow. These studies demonstrated immediate improvements in perceived nasal patency and
reductions in respiratory discomfort despite no measurable changes in airway resistance,
supporting a trigeminally mediated perceptual mechanism rather than true physiological cooling
(Eccles et al., 1988). However, these protocols were conducted at rest or under loaded-breathing

conditions and did not assess endurance performance outcomes.
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More recently, Schaeffer et al. (2025) examined continuous menthol inhalation during
constant-load cycling exercise in 20 adults with COPD (12 males and 8 females). Menthol was
delivered through the breathing circuit throughout exercise and reduced dyspnea while
enhancing perceived inspiratory airflow, but it did not improve exercise endurance time.
Although this study demonstrated the feasibility of menthol inhalation during exercise, it
involved an older clinical population and did not examine repeated, discrete nasal exposures
during self-paced performance. Further supporting the perceptual mechanism of menthol, nasal
stimulation has been shown to improve breathlessness in clinical populations without altering
pulmonary function (Kanezaki et al., 2023). However, the effects of repeated menthol nasal
inhalation during self-paced endurance performance in physically active individuals remain
largely unexplored. Furthermore, limited research has examined whether responses to menthol
nasal inhalation differ between males and females, despite known sex-based differences in

perceptual responses during endurance exercise.

Methodological Limitations and Research Gaps

Across menthol-exercise research, substantial methodological variability exists in
administration protocols, including differences in delivery route, menthol concentration or
quantity, timing of exposure, frequency of administration, and exercise modality. Studies have
employed both laboratory- and field-based designs, each offering distinct advantages with
respect to experimental control and ecological validity (Currell & Jeukendrup, 2008; Laursen et
al., 2007). This heterogeneity complicates direct comparisons of findings and limits the ability to
establish optimal menthol administration strategies for endurance exercise.

Menthol concentrations vary widely, ranging from low concentrations commonly used in
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oral rinsing protocols (e.g., 0.01%) to higher concentrations applied topically (e.g., 5-8%).
Administration protocols in exercise studies typically employ fixed concentrations or exposure
durations rather than doses scaled to body mass or sex (Jeffries et al., 2018; Stevens et al., 2016).
The timing of administration also differs across studies: some protocols employ a single pre-
exercise exposure, whereas others implement repeated dosing throughout exercise to provide
repeated perceptual stimulation (Flood et al., 2017; Jeffries et al., 2025).

Despite differences in the timing and frequency of menthol administration, no studies
identified in the literature reviewed for the present thesis directly compared single versus
repeated menthol exposure within the same exercise performance task. Evidence from repeated-
dosing protocols suggests that intermittent re-stimulation may help maintain perceptual effects as
sensory effects diminish after exposure (Best et al., 2021). Several studies employing repeated-
dosing protocols have reported perceptual and performance benefits during prolonged exercise
(Jeffries et al., 2018; Stevens et al., 2016).

Delivery route further contributes to variability in outcomes (Jeffries & Waldron, 2019;
Stevens & Best, 2017). Oral rinsing has produced the most consistent ergogenic effects,
including reductions in thermal sensation and perceived exertion. In contrast, topical application
has yielded mixed findings, including potential impairment of thermoregulatory responses. Nasal
inhalation remains underexplored in performance-based research. Existing nasal inhalation
studies have focused primarily on perceptual outcomes, with limited investigation of endurance
performance. Although oral rinsing has been shown to improve time-trial performance (Stevens
& Best, 2017), both the oral and nasal cavities contain TRPMS receptors that are sensitive to
menthol stimulation. Nasal menthol exposure directly stimulates upper-airway thermoreceptors

associated with breathing comfort and airflow sensation (Zhao et al., 2011). Furthermore,
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repeated menthol nasal inhalation during a self-paced cycling time trial in healthy, physically
active males and females remains unexamined in the literature reviewed for the present thesis.

Collectively, the considerable methodological heterogeneity across menthol studies
underscores the need for standardized experimental protocols to improve replicability and
strengthen conclusions regarding menthol’s ergogenic potential. Inconsistencies in
administration strategies limit the ability to identify the most effective delivery method and
administration protocol. Controlled, systematic investigation of menthol nasal inhalation using
standardized administration intervals and ecologically valid performance measures, such as self-
paced time trials, is therefore warranted. Establishing consistent protocols can improve internal
validity, facilitate cross-study comparison, and support investigation of the perceptual
mechanisms through which menthol influences endurance performance. Such research may also
improve understanding of potential sex-based differences in response to menthol nasal

inhalation, an area that remains underexplored within the current literature.

Theoretical Framework
Psychobiological Model of Endurance Performance

The Psychobiological Model of Endurance Performance provides a framework to explain
menthol’s potential impact on endurance performance tasks (Pageaux, 2014). Although multiple
theoretical frameworks have been proposed to explain endurance performance regulation,
including the Central Governor Model and the Integrative Model of Exercise Performance, the
present study primarily focuses on the Psychobiological Model of Endurance Performance
(Inzlicht et al., 2014; Tornero-Aguilera et al., 2022). The Psychobiological Model conceptualizes

endurance performance as a function of cognitive regulation, perception of effort, and



46

motivational factors that determine exercise tolerance (Bigliassi, 2015; Marcora, 2008). These
interacting components influence pacing strategies and task disengagement during prolonged
exercise (see Figure 4). The Psychobiological Model of Endurance Performance is commonly
applied to endurance exercise tasks involving a self-pacing strategy, suggesting that conscious
regulation of pace is influenced by the perception of effort, motivation, knowledge of distance or
time to be covered, and prior experience of exertion (Pageaux, 2014). Accordingly, endurance
performance is regulated by physiological capacity as well as by how sensory information is
perceived, interpreted, and integrated into pacing decisions (Pageaux, 2014). Executive function
has also been identified as a key component of endurance performance regulation, influencing
decision-making, effort allocation, and pacing strategies during prolonged exercise (Hyland-
Monks et al., 2018).

Within this framework, interventions that modify sensory perception may indirectly
influence these regulatory processes. The cooling sensation produced by menthol may influence
endurance performance by redirecting attentional focus away from fatigue-related sensations and
toward cooling-related sensory inputs (Bigliassi, 2015). Through this attentional shift, menthol
may reduce the salience of fatigue-related signals, thereby influencing perception of effort,
pacing behaviour, and exercise tolerance during prolonged exercise (Pageaux, 2014). Changes in
perceived exertion, thermal sensation, and respiratory comfort may therefore represent important
perceptual pathways through which menthol influences endurance performance within the
psychobiological framework. Consequently, menthol nasal inhalation may represent a promising
perceptual intervention for influencing pacing behaviour and endurance performance during self-
paced exercise, particularly through its effects on perceived exertion, thermal sensation, and

respiratory comfort (Tsutsumi et al., 2022).
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Figure 4

Psychobiological Model of Endurance Performance
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Note. Plus (+) symbols represent positive influences, and minus (-) symbols represent negative

influences on endurance performance. Adapted from Bigliassi (2015).

Menthol’s Impact on the Psychobiological Model of Endurance Performance

Building upon the Psychobiological Model of Endurance Performance, menthol may
influence endurance performance through its effects on perceived effort, motivation, and
exercise tolerance (Marcora, 2008; Pageaux, 2014). Menthol’s cooling sensation may influence
endurance performance by altering perceived effort and exercise tolerance (Flood, 2018). This
aligns with evidence showing that perceptual interventions, such as menthol administration, can
reduce RPE and alter exercise tolerance in hot environments (Flood, 2018; Stevens & Best,
2017). Activation of TRPMS channels in the nasal mucosa produces a perceptual cooling effect
without reducing core temperature (Eccles, 2000; Iftinca & Altier, 2020). This perceptual
alteration may lower thermal sensation and influence the perceptual experience of effort during
exercise (Barwood et al., 2015). Within the psychobiological model, perceived effort is an
important determinant of exercise tolerance and decisions to sustain or reduce exercise intensity

(Marcora, 2008).
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These effects provide a rationale for menthol’s role as a perceptual ergogenic aid by
influencing variables central to the psychobiological model, even in the absence of direct
physiological change (Flood, 2018; Stevens & Best, 2017). However, despite growing evidence
supporting menthol’s perceptual effects during exercise, important methodological and

population-specific gaps remain within the current literature.

Research Problem

Menthol has been investigated as a potential ergogenic aid using several administration
methods, including internal applications such as oral rinses and menthol-containing beverages, as
well as external applications such as gels and sprays applied to the skin or clothing (Stevens &
Best, 2017). However, research examining menthol nasal inhalation during exercise remains
limited, with only one relevant exercise-based study identified in the literature reviewed for the
present thesis: Schaeffer et al. (2025), who examined continuous menthol inhalation during
constant-load cycling in adults with chronic obstructive pulmonary disease. Menthol interacts
with the transient receptor potential melastatin 8 (TRPMS) receptors, which are expressed in the
skin, oral cavity, and nasal mucosa (Vogel et al., 2023). Activation of TRPMS receptors
produces a cooling sensation that may reduce perceived exertion and thermal sensation and
improve respiratory comfort through perceptual rather than physiological mechanisms (Kanezaki
& Ebihara, 2017; Peel et al., 2023). TRPMS activation generates afferent signalling to cortical
regions involved in thermosensation, resulting in a perceived cooling effect without altering core
or skin temperature (Gavel et al., 2024b; Liu et al., 2013). Previous research has shown that oral
menthol administration can improve endurance performance and perceptual responses, while

topical menthol has produced more mixed performance findings, with effects occurring primarily
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through perceptual rather than direct physiological mechanisms (Barwood et al., 2015; Gavel et
al., 2024b; Jeffries et al., 2018).

Female participants remain underrepresented in menthol-exercise research, as many
investigations have exclusively or predominantly recruited male samples, with few studies
including equal male and female cohorts (Barwood et al., 2020; Miindel & Jones, 2010; Stevens
et al., 2016). Despite limited evidence regarding sex-based differences in menthol responses
within athletic or recreational populations, few studies have been explicitly designed or
adequately powered to determine whether responses to menthol differ between males and
females (Barwood et al., 2020; Villegas-Serna et al., 2024). A recent systematic review and
meta-analysis by Gavel et al. (2024a) examining menthol mouth rinsing during exercise included
10 studies (n = 153), of which 115 participants were male and 38 were female. Accordingly, the
limited inclusion of female participants represents an important methodological gap in the
current literature and restricts the generalizability of existing findings. To date, limited research
has directly examined the effects of repeated menthol nasal inhalation on self-paced endurance
time-trial performance, and no studies have concurrently evaluated potential sex-based
differences in healthy, physically active adults. Therefore, further research is warranted to
examine the effects of menthol nasal inhalation on performance, perceptual, and physiological

responses while accounting for potential sex-based differences.

Purpose
The purpose of this study was to determine the effects of repeated menthol nasal
inhalation and sex on performance, perceptual, and physiological responses during a self-paced

cycling time trial in physically active adults.
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Objectives
The objectives of this study were as follows:

1. To determine the effects of menthol nasal inhalation and sex on performance, as
measured by total distance covered (m) and distance normalized to body mass (m-kg™),
during a self-paced cycling time trial.

2. To determine the effects of menthol nasal inhalation and sex on perceptual responses,
including rating of perceived exertion, thermal sensation, and respiratory comfort, during
a self-paced cycling time trial.

3. To determine the effects of menthol nasal inhalation and sex on the physiological

response, as measured by heart rate, during a self-paced cycling time trial.

Hypotheses

1. It was hypothesized that menthol nasal inhalation would increase total distance covered and
distance normalized to body mass, and that these condition-related improvements would be
greater among females than males.

This hypothesis was based on evidence that females may experience greater thermal and

respiratory perceptual strain during endurance exercise (Racinais et al., 2015; Sheel et al., 2004)

and that menthol may attenuate perceptual strain that influences pacing regulation (Jeffries &

Waldron, 2019; Stevens et al., 2016; Trong et al., 2015). Accordingly, reductions in perceptual

strain may permit a greater self-selected work rate and produce a larger performance benefit

among females.
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2. It was hypothesized that menthol nasal inhalation would reduce RPE, produce cooler thermal
sensations, and reduce respiratory discomfort. It was further hypothesized that condition-
related changes in thermal sensation and respiratory comfort would be greater among
females, whereas the change in RPE would not differ between sexes.

This hypothesis was based on evidence that menthol can reduce perceived exertion during

endurance exercise (Jeffries & Waldron, 2019; Stevens et al., 2016), with no consistent evidence

of sex-specific differences in RPE responses (McNulty et al., 2020). Menthol has also been

shown to produce cooler thermal sensations (Jeffries & Waldron, 2019; Stevens et al., 2016),

while females may experience greater sensations of warmth and thermal discomfort during

endurance exercise (Giersch et al., 2020; Racinais et al., 2015), potentially resulting in a larger
reduction in thermal sensation among females. In addition, females may experience greater
breathing discomfort during endurance exercise (Cory et al., 2015; Sheel et al., 2004), while
menthol has been shown to improve dyspnea and respiratory perception (Kanezaki & Ebihara,

2017; Kanezaki et al., 2023), potentially resulting in a larger improvement in respiratory comfort

among females.

3. It was hypothesized that heart rate would be higher during the menthol condition than during
the control condition, with no difference in the condition-related change between males and
females.

This hypothesis was based on the possibility that menthol may indirectly increase heart rate

through an increase in self-selected work rate during the time trial, as improvements in

perceptual responses may facilitate greater exercise intensity (Jeffries & Waldron, 2019; Stevens

etal., 2016).



52

Chapter Two: Methodology

Study Design

This study used a pseudo-randomized, counterbalanced design to examine the effects of
menthol nasal inhalation on performance, perceptual, and physiological responses during a self-
paced cycling time trial and whether these responses differed by sex. Following a familiarization
session, each participant completed two experimental trials: a menthol nasal inhalation trial and a
control trial, involving air inhalation via an identical apparatus. Experimental trials were
separated by a minimum 48-hour washout period to minimize potential carryover effects (Jeftries
& Waldron, 2019; Stevens & Best, 2017). Participants were assigned to trial order using a
pseudo-randomized, counterbalanced allocation procedure to ensure balanced representation of
males and females across each condition sequence. Allocation was concealed using sealed
envelopes and revealed immediately prior to the participant’s first experimental trial to reduce
allocation bias. This design allowed each participant to serve as their own control, thereby
reducing inter-individual variability and increasing statistical power (Mills et al., 2009).
Condition (control, menthol) was treated as a within-subjects factor and Sex (male, female) as a
between-subjects factor for the mixed-design ANOVA outcomes. For the ordinal perceptual
outcomes, condition differences were evaluated using Wilcoxon signed-rank tests, and sex
differences in condition-related changes were evaluated using Mann—Whitney U tests.

The study was conducted following approval from the Lakehead University Research
Ethics Board (REB; file #1471820) and after all participants provided written informed consent.
Participants were informed that they could stop participating at any time without penalty and

could request withdrawal of their collected data for up to four weeks after completing their final
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session, before the data were de-identified and combined with the study dataset (World Medical

Association, 2013).

Participants

An a priori power analysis conducted using G*Power 3.1.9.7, with an estimated
interaction effect size of /'=.239, a = .05, and 80% power, indicated a required total sample of
38 participants (Appendix A). Forty participants were recruited and completed the study,
comprising 20 males and 20 females. Participants were physically active adults aged 18-35
years, with physical activity status determined by self-reported engagement in at least 150
minutes of moderate-intensity or 75 minutes of vigorous-intensity aerobic physical activity per
week for a minimum of three months. This age range was selected to represent a healthy,
physically active adult population while minimizing the influence of age-related physiological
changes on endurance performance (Joyner, 1993; Stathokostas et al., 2004). Height and body
mass were measured to characterize the sample but were not included as covariates in the
inferential analyses. Males were descriptively taller (181.0 = 5.8 vs. 167.3 £ 5.5 cm) and heavier
(80.4 £ 7.8 vs. 68.6 = 8.5 kg) than females.

Participants were equally distributed between condition orders: 20 completed the control
condition first, and 20 completed the menthol condition first. Participant characteristics are

presented in Table 1.
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Table 1

Participant Characteristics by Sex

Characteristic M (n=20) F (n=20) Total (N = 40)
Age (years) 253+34 23.7+£3.9 245+£3.7
Height (cm) 181.0+5.8 167.3+£5.5 174.1 £ 8.9
Body mass (kg) 80.4+7.8 68.6 £8.5 74.5+£10.0
Individualized resistance (kg) 1.9+£0.2 1.5+0.3 1.7£0.3

Note. Values are presented as mean = SD. Body mass represents the mean of the measurements
recorded during the control and menthol experimental sessions. Condition-specific normalized-
distance values were calculated using the body mass recorded during the corresponding

experimental session. M = male; F = female.

Inclusion Criteria

No participants were excluded by the Get Active Questionnaire (GAQ; Canadian Society
for Exercise Physiology, 2017) and were cleared for participation. Participants were 18—35 years
of age and reported engaging in at least 150 minutes of moderate-intensity aerobic physical
activity or 75 minutes of vigorous-intensity aerobic physical activity per week for a minimum of
three months (Crosby et al., 2022). All participants self-reported being free of injuries or medical
conditions that would limit exercise performance. No specific sport or training background was

required.
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Exclusion Criteria

Exclusion criteria included a known allergy or sensitivity to menthol; cardiovascular,
neurological, or orthopedic conditions that could limit safe participation; anosmia or dysgeusia;
use of medications or supplements known to influence cardiovascular or perceptual responses to
exercise; current smoking; and pregnancy (Barwood et al., 2020; Sadaka et al., 2021; Vogel et

al., 2023). No enrolled participants met any of these exclusion criteria.

Recruitment

Participants were recruited through posters placed throughout the Lakehead University
campus, including the C.J. Sanders Fieldhouse and School of Kinesiology facilities, as well as
through electronic distribution of recruitment materials (e.g., social media). Interested
individuals were asked to contact the student researcher via email to receive additional
information and to schedule testing sessions. Email addresses were obtained only through

participant-initiated contact in response to recruitment materials.

Instrumentation

All exercise trials were performed on a mechanically braked cycle ergometer (Monark
894E), which has demonstrated strong reliability for laboratory cycling time-trial protocols
(Currell & Jeukendrup, 2008; Paton & Hopkins, 2001).

Rating of perceived exertion was assessed using Borg’s Original RPE Scale (see Figure
HI1 in Appendix H), which has demonstrated strong construct validity and reliability for
quantifying perceived exercise intensity across a range of workloads (Borg, 1970, 1982; Cabral

et al., 2020; Scherr et al., 2012). Thermal sensation was evaluated using the nine-point ASHRAE
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thermal sensation scale (see Figure H2 in Appendix H), ranging from very cold (-4) to very hot
(+4), with 0 representing neutral thermal sensation. The scale has demonstrated acceptable
reliability and sensitivity for assessing perceptual thermal responses during exercise (Flood et al.,
2017; Zhang et al., 2004; Zolfaghari & Maerefat, 2011). Respiratory comfort was assessed using
the Modified Borg Dyspnea Scale (see Figure H3 in Appendix H), with lower dyspnea ratings
indicating greater perceived respiratory comfort. This scale has demonstrated validity and
reliability for quantifying perceived breathlessness during physical exertion (Borg, 1982).

Heart rate (HR) was recorded continuously using a Polar H10 chest-strap monitor (Polar
Electro Oy, Kempele, Finland) secured over the sternum. The Polar H10 has demonstrated
excellent criterion validity compared with electrocardiography and high test-retest reliability
during rest and exercise conditions (Gillinov et al., 2017). HR data were recorded using Polar
Flow software, with calculated heart rate values available at 1-second intervals for analysis

(Haddad et al., 2024; Currell & Jeukendrup, 2008; Plews et al., 2017).

Procedures
Design Overview

Participants were required to complete one familiarization session followed by two
experimental sessions: control and menthol, completed in a pseudo-randomized, counterbalanced
order. All sessions were conducted in room SB-1025 of the C.J. Sanders Fieldhouse and lasted
approximately 45 minutes each, resulting in a total time commitment of approximately 2 hours
and 15 minutes. A schematic overview of participant involvement across laboratory visits is
presented in Figure 5. Each participant was tested at a consistent time of day (£ 1 hour) to

minimize circadian rhythm variation (Reilly, 1990). A sensory-matched placebo inhalation was
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not included, given the difficulty of creating a true placebo that matches menthol’s distinct
sensory profile (Barwood et al., 2020). The control trial involved nasal inhalation at identical

time points using an identical container that contained only air (Barwood et al., 2020).

Figure 5

Overview of Participant Involvement

Recruitment Testing Trial 1 Testing Trial 2

Familiarization Session

=48-h washout =48-h washout
Posters Consent & screening
Social Media Age (vears)
Electronic Recruitment Height (cm) 15-min cycling time trial 15-min cycling time trial
Body mass (kg) TT Performance TT Performance
Perceptual-scale familiarization RPE EPE
Graded ramp protocol TS5 TS
Indrvidualized resistance determined RC RC
HR HE

Note. Overview of participant involvement across recruitment, familiarization, and the two
experimental trials. The control and menthol conditions were completed in a pseudo-randomized,
counterbalanced order with a minimum 48-hour washout period. RPE = rating of perceived

exertion; TS = thermal sensation; RC = respiratory comfort; HR = heart rate.

Pre-Trial Procedures

Prior to the experimental sessions, participants were instructed to fast for two hours;
refrain from strenuous physical activity and alcohol consumption for 24 hours; and avoid
caffeine intake for 12 hours (Best et al., 2021; Gavel et al., 2024b; Mock et al., 2021).

Participants were also instructed to avoid peppermint-containing products (such as gum or breath
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mints) for two hours prior to testing to prevent residual menthol stimulation (Vogel et al., 2023).
Body mass (kg) was measured at the beginning of each experimental trial under standardized
conditions to account for day-to-day fluctuations and to support body-mass-normalized
performance calculations (Armstrong et al., 2013). Participants were asked to report prior
experience with menthol or nasal inhalants and recorded but were not included in the inferential
analyses (Iftinca & Altier, 2020). They were also instructed to wear similar athletic clothing
across sessions and maintain consistent hydration before each experimental session (Currell &

Jeukendrup, 2008; Merrell et al., 2024).

Laboratory Conditions

All experimental sessions were conducted in the same laboratory, where a digital monitor
displayed current, minimum, and maximum temperature and relative humidity. No external
airflow was used during testing sessions. Across the data-collection period from June 4 to July
23, 2026, the monitor recorded temperatures ranging from 20.5°C to 30.8°C and relative
humidity ranging from 31% to 77%. Testing sessions were not conducted when the displayed
temperature exceeded 28°C. As session-specific conditions were not recorded, these values
describe only the general laboratory environment and were not included in the statistical

analyses.

Ergometer Setup
Prior to each trial, the ergometer was inspected to ensure consistent mechanical function
(Paton & Hopkins, 2001). Seat height was adjusted so that the participant’s leg was nearly fully

extended, with slight knee flexion, when the heel was placed on the pedal at its lowest point
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(Holmes et al., 1994; see Figure 6). Participants were instructed to remain seated throughout the
time trial (Paton & Hopkins, 2001). Upon arrival to the laboratory, participants completed the
standardized pre—time-trial protocol consisting of 5 minutes of seated rest, a standardized warm-
up, and baseline perceptual and physiological measurements collected in a 30-second window

prior to the start of the time trial (see Figure 7).

Figure 6

Cycle Ergometer Seat-Height Setup

Slight knee flexion

Heel on pedal Pedal at lowest point

Note. Representative cycle ergometer setup used during the familiarization and experimental
sessions. Seat height was adjusted so that the participant’s leg was nearly fully extended, with

slight knee flexion, when the heel was positioned on the pedal at its lowest point.
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Figure 7

Pre—Time-Trial Protocol

Body mass ~ SeatedRest  5-min 5-min
recorded (kg) > Warm-up — > TPl
(0-min)
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Note. Pre—time-trial protocol timeline. Participants completed 5 minutes of seated rest and a 5-
minute standardized warm-up. Baseline perceptual measures and heart rate were collected during
the 30 seconds immediately preceding the time trial (TP1, O minutes). RPE = rating of perceived

exertion; TS = thermal sensation; RC = respiratory comfort; TP = time point.

Warm-Up Protocol

Participants completed the same standardized warm-up during the familiarization session
and each experimental trial. The warm-up consisted of 5 minutes of cycling on a Monark 894E
cycle ergometer (Monark, Varberg, Sweden) at a resistance of 1.5 kg and a cadence of 70 = 5
rpm, corresponding to approximately 100 W at 70 rpm. The protocol was adapted from Barwood
et al. (2015) to standardize physiological preparation, and cadence was visually monitored

throughout.
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Familiarization Session

Participants attended the familiarization session after reviewing and signing all required
ethics forms. During this visit, demographic information, including age, height, and body mass,
was collected, with height and body mass measured using a stadiometer (Tanita HR-200) and
digital scale (Omron HBF-500), respectively.

The purpose of this session was to familiarize participants with the perceptual assessment
scales (RPE, TS, RC) and to determine the individualized resistance to be used in subsequent
experimental trials. Individualizing the workload reduced the likelihood that a fixed resistance
would be disproportionately easy or difficult across participants (Currell & Jeukendrup, 2008;
Laursen et al., 2007). To ensure consistent interpretation of the perceptual measures, participants
received standardized verbal instructions describing the purpose, scale range, and verbal
descriptors associated with each perceptual scale. Rating of perceived exertion (RPE; Borg’s
Original RPE Scale) was described as a measure of overall whole-body effort. Thermal sensation
(TS; ASHRAE 9-point scale) was described as a measure of overall thermal perception.
Respiratory comfort (RC; Modified Borg Dyspnea Scale) was described as a measure of
breathing discomfort. Participants were provided with visual copies of each scale and completed
brief practice ratings throughout the warm-up and familiarization trial to reinforce understanding.
A standardized instruction script was used for all participants and is provided in Appendix H.

Participants completed the standardized warm-up described previously, followed by
standardized instructions regarding perceptual assessments. A standardized study-specific graded
cycling ramp protocol was then performed. Resistance began at 1.0 kg and increased by 0.5 kg
every two minutes while participants maintained a cadence of 70 + 5 rpm. The protocol

continued until an RPE of 15 was reached and sustained for an additional minute (Bentley et al.,
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2007; Borg, 1982). The resistance corresponding to RPE 15 was recorded and used as the fixed
workload for both subsequent experimental trials. An RPE of 15 was selected to approximate a
hard but sustainable intensity, representative of effort levels typically maintained during a 15-
minute self-paced time trial (Gaskill et al., 2023). The graded cycling ramp protocol lasted 10-15
minutes, depending on the participant’s fitness level and the workload at which an RPE of 15
was obtained. This protocol was a submaximal task and was not intended to induce volitional
exhaustion. The familiarization session occurred on a separate day from the experimental trials to
minimize residual fatigue and prevent it from influencing subsequent performance. The sequence
of procedures performed during the familiarization session is illustrated in Figure 8.

The session concluded with a 5-minute self-paced cooldown at a light intensity (Riebe et
al., 2018). No nasal inhalation was administered during the familiarization session. Participants
completed practice perceptual ratings to reduce potential learning effects and standardize scale
administration; however, these responses were not recorded or included in the statistical
analyses. The familiarization session was separated from the first experimental trial by at least 48

hours to minimize residual fatigue effects (Jeffries & Waldron, 2019; Stevens & Best, 2017).
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Figure 8
Familiarization Session Protocol

Demographics & Perceptu;l S;ale 5-mun Standardized  Graded Cycling Workload
Lab Arrival Anthropometrics Familiarization Warm-Up Ramp Protocol Determination 5-min Cooldown

RPE 15 reached

g Sustain 1 min
Consent pee Gears) T%Patﬁ_zoi) % Start: 1.0 kg Workload recorded Self-selected
) S g r 0.5k every 2 mi light intensity
Body Mass (kg) RC(0-10) = | 5 kg every 2 min

Cadence: 70 £ 5 rpm

Note. Familiarization session timeline. Individualized resistance was determined using a graded
cycling ramp beginning at 1.0 kg and increasing by 0.5 kg every 2 minutes at 70 + 5 rpm until an
RPE of 15 was reached and sustained for 1 minute. The corresponding resistance was used
during both experimental trials. RPE = rating of perceived exertion; TS = thermal sensation; RC

= respiratory comfort.

Experimental Trials

Each experimental visit began with the same warm-up protocol used during the
familiarization session, followed by baseline perceptual assessments (Barwood et al., 2015;
Malik et al., 1996). The individualized resistance determined during familiarization was used as
a fixed workload for both experimental trials, during which participants completed a 15-minute
self-paced cycling time trial (Bentley et al., 2007; Borg, 1982). Participants were permitted to
freely adjust their cadence to maximize total distance covered; however, they were blinded to
elapsed time, distance, and cadence, with the ergometer display covered throughout the time trial
to prevent pacing based on external performance feedback (Paton & Hopkins, 2001).

Inhalant administration occurred at the onset of the time trial (0 minutes), and again at 5
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and 10 minutes during each trial. Perceptual measures (RPE, TS, RC) were assessed immediately
prior to the inhalant administration at the onset of the time trial and during a 30-second
assessment window occurring prior to the 5-, 10-, and 15-min time points (4:30-5:00, 9:30—
10:00, and 14:30-15:00 minutes). Each perceptual scale was presented for approximately 10
seconds within this window, resulting in a total assessment duration of 30 seconds. Assessments
were completed while participants continued cycling to minimize disruption to pacing. At each
time point, visual copies of the perceptual scales (see Figures H1-H3 in Appendix H) were
presented to participants, who verbally reported the numerical value corresponding to their
current perception. The investigator recorded each response immediately. The sequence and
timing of assessments and inhalant administration during the experimental time trial are
illustrated in Figure 9.

Heart rate was continuously monitored using the Polar H10, which provided calculated
heart rate values at 1-second intervals. Heart rate was summarized as the mean of the 30-second
interval preceding each assessment time point (0, 5, 10, and 15 minutes). Nasal inhalation
followed the assessments at 0, 5, and 10 minutes only. Perceptual variables (RPE, TS, and RC)
were assessed before each inhalation so that responses were not influenced by the acute
exposure.

Each trial concluded with a 5-minute self-paced cooldown at a self-selected “light”
intensity (Riebe et al., 2018). Experimental trials were separated by a minimum 48-hour washout
period to minimize potential carryover effects between conditions (Jeffries & Waldron, 2019;

Stevens & Best, 2017).
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Figure 9

Experimental Time-Trial Protocol

Time-Trial Start Time-Trial End
TP1 TP2 TP3 TP4
(0-min) (5-min) (10-min) (15-min)
Nasal Nasal Nasal No Nasal
Inhalation#1 Inhalation#2 Inhalation #3 Inhalation Session End
Cooldown
(5-min)
-0:30 —= 0:00 4:30 — 5:00 9:30 — 10:00 14:30 — 15:00

(RPE. TS.RC. HR) (RPE. TS.RC. HR) (RPE, TS.RC, HR) (RPE, TS.RC, HR)

Note. Experimental time-trial protocol. Perceptual measures and heart rate were assessed during
the 30 seconds preceding TP1-TP4. A 5-second nasal inhalation followed assessments at 0, 5,
and 10 minutes; no inhalation occurred at 15 minutes. The trial concluded with a 5-minute self-
paced cooldown. RPE = rating of perceived exertion; TS = thermal sensation; RC = respiratory

comfort; TP = time point.

Inhalant Administration Procedures

During the menthol condition, participants were exposed to vapour generated from 5 g of
L-menthol crystals for 5 seconds at three standardized time points (0, 5, and 10 minutes) during
the 15-minute self-paced time trial (Eccles et al., 1988; Lindemann et al., 2008). L-menthol
crystals (=99% purity; Mentha arvensis-derived; commercially sourced) were used as the
stimulus agent. Repeated, short-duration menthol exposures at fixed intervals have been
employed in previous exercise studies, particularly in oral administration protocols lasting 10-20

minutes, to sustain perceptual cooling throughout prolonged efforts (Barwood et al., 2020;
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Jeffries et al., 2018; Stevens & Best, 2017; Stevens et al., 2016). The selected administration
time points (0, 5, and 10 minutes) were chosen to provide repeated, evenly spaced perceptual
stimulation across the 15-minute time trial while minimizing disruption to pacing. Given that the
perceptual effects of menthol may diminish during continued exercise (Roriz et al., 2024),
intermittent re-administration every five minutes was selected to maintain perceptual stimulation
throughout the time trial.

Menthol was administered using a refillable nasal inhaler device consisting of an amber
glass vial fitted with a screw cap and nasal attachment to standardize vapour exposure while
preventing visual identification of the contents (see Figure 10). The reservoir contained 5 g of L-
menthol crystals and remained sealed between administrations to ensure consistent vapour
availability and minimize unintended dissipation. During each administration, the researcher
positioned the nasal attachment below but not touching the participant’s nostrils to avoid direct
contact with the nasal mucosa, which may independently influence trigeminal sensory responses
(Hur et al., 2017; see Figure 11). Participants were instructed to breathe normally and to avoid
deep or forceful inhalation during each 5-second exposure (Lindemann et al., 2008; Stevens &
Best, 2017). These instructions were intended to reduce variability in inspiratory flow; however,
inhaled volume and vapour concentration were not measured.

During the control condition, inhalation procedures were identical in timing and
positioning; however, the inhaler device contained no menthol crystals. Separate inhaler devices
were used for the menthol and control conditions to prevent residual odour contamination. To
minimize cross-participant contamination risk, each inhaler device was stored in a sealed plastic

bag between uses and the external surfaces were cleaned and disinfected between participants.



Figure 10

Inhalant Apparatus

Note. The inhalation apparatus used for menthol and control administration consisted of an

amber glass vial fitted with a detachable nasal inhaler attachment.

Figure 11

Nasal Inhalant Apparatus Positioning

Note. Representative positioning of the nasal attachment during menthol and control
administration. The attachment was positioned directly below, but did not contact, the

participant’s nostrils.
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Data Processing

Time-trial distance was recorded as the total distance covered during each 15-minute self-
paced cycling time trial. Distance normalized to body mass was calculated separately for each
condition by dividing the total distance covered during that trial (m) by the body mass (kg),
recorded during the corresponding experimental session, producing a value expressed as m-kg™'.
For perceptual variables, ratings of perceived exertion, thermal sensation, and respiratory
comfort were recorded at 0, 5, 10, and 15 minutes during each experimental trial. For statistical
analysis, time-trial average values were calculated using the mean of the 5-, 10-, and 15-minute
values. The 0-minute values were treated as baseline measurements and excluded from TT-
average calculations and inferential analyses. Heart rate was continuously monitored and
recorded at 1-second intervals. For each assessment time point (5, 10, and 15 minutes), the mean
HR during the preceding 30 seconds was calculated. These three 30-second mean HR values
were then averaged to produce a single time-trial average HR value for each experimental

condition.

Variables and Outcome Measures
Independent Variables

The independent variables were nasal inhalation condition and sex, which were of equal
interest in the present study. Condition consisted of control (air inhalation) and menthol (L-
menthol inhalation) and was treated as a within-subjects factor. Sex (assigned at birth) was self-
reported during screening, categorized as male or female for analysis, and treated as a between-

subjects factor.
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Dependent Variables

The dependent variables were organized into three domains of equal interest:
performance, perceptual responses, and physiological responses.

Performance outcomes included total distance covered (m) during the 15-minute self-
paced cycling time trial and distance normalized to body mass (m-kg™") (Currell & Jeukendrup,
2008; Kappus et al., 2015; Paton & Hopkins, 2001; Santana et al., 2024). Perceptual outcomes
included rating of perceived exertion (RPE), thermal sensation (TS), and respiratory comfort
(RC). RPE was assessed using Borg’s Original RPE Scale (Borg, 1982; Chen et al., 2002), TS
using the nine-point ASHRAE thermal sensation scale (Schlader et al., 2011; Zolfaghari &
Maerefat, 2011), and RC using the Modified Borg Dyspnea Scale, with lower scores indicating
less respiratory discomfort (Mahler & Horowitz, 1994; Wilson & Jones, 1989). The
physiological outcome was heart rate (HR), quantified as the 30-second mean immediately
preceding each assessment time point. For RPE, TS, RC, and HR, a time-trial average was
calculated as the mean of the 5-, 10-, and 15-minute values. The 0-minute values were treated as
baseline measurements and excluded from time-trial average calculations and inferential

analyses.

Statistical Analysis
All statistical analyses were conducted using IBM SPSS Statistics (Version 31; IBM
Corp., Armonk, NY). Descriptive statistics were calculated for all variables of interest and
reported as mean + standard deviation, including participant characteristics and study outcomes.
The dependent variables were analysed according to their measurement characteristics

within the three domains of performance, perceptual responses, and physiological responses.
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Separate 2 x 2 mixed-design ANOV As were conducted for total distance (m), distance
normalized to body mass (m-kg™), and time-trial average heart rate, with Condition (control,
menthol) as the within-subjects factor and Sex (male, female) as the between-subjects factor.
Time-trial average rating of perceived exertion, thermal sensation, and respiratory comfort were
analysed using nonparametric procedures because these outcomes were derived from ordinal
rating scales. Wilcoxon signed-rank tests were used to compare the control and menthol
conditions across the full sample. To determine whether condition-related changes differed
between males and females, Menthol — Control difference scores for RPE, thermal sensation, and
respiratory comfort were compared between sexes using Mann—Whitney U tests.

Statistical significance was set at a = .05 for all analyses. For the mixed-design
ANOV As, significant Condition % Sex interactions were followed by simple-effects
comparisons. No family-wise adjustment was applied across the separate outcome analyses.
Accordingly, results were interpreted within their respective performance, perceptual, and
physiological domains, with consideration given to the number of statistical tests conducted.
Effect sizes were reported as partial eta squared (np?) for ANOVA effects, and mean differences
were reported with 95% confidence intervals for follow-up comparisons. For the ANOVA
outcomes, assumptions of normality were evaluated using Shapiro—Wilk tests and visual
inspection of Q—Q plots of the condition difference scores, and homogeneity of variance was
assessed using Levene’s test. Potential outliers were identified using boxplots of the condition
difference scores, with values falling more than 1.5 times the interquartile range below the first
quartile or above the third quartile classified as potential outliers. Data were screened for missing

values prior to analysis, and missing data were handled using listwise deletion.
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Chapter Three: Results
Assumption Checks and Data Screening
Prior to inferential analysis, the dataset was screened for missing values, data-entry
errors, outliers, and violations of the assumptions underlying the intended analyses. No missing
values or out-of-range observations were identified; therefore, all 40 participants were retained
for analysis. Condition difference scores for total distance, normalized distance, rating of
perceived exertion (RPE), thermal sensation (TS), respiratory comfort (RC), and heart rate (HR)

were available for all participants.

Outlier Screening

Potential outliers were assessed using boxplots of the condition difference scores. Values
falling more than 1.5 times the interquartile range (IQR) below the first quartile or above the
third quartile were classified as potential outliers, whereas values exceeding 3 times the IQR
were classified as extreme outliers. Several observations met the 1.5-IQR criterion for potential
outliers; however, no observations met the 3-IQR criterion for extreme outliers. All flagged
observations were retained after confirming that they represented plausible individual responses

and did not reflect data-entry or measurement errors (Aguinis et al., 2013).

Normality

Normality was assessed separately for males and females using Shapiro—Wilk tests and
visual inspection of histograms and normal Q—Q plots for the continuous outcomes analysed
using mixed-design ANOVA. Significant Shapiro—Wilk tests were observed for total distance

among females, W = .866, p = .010, and HR among males, W = .895, p = .033. The remaining
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continuous-outcome difference-score distributions did not significantly depart from normality (p
> .05). Visual inspection of the corresponding histograms and Q—Q plots indicated that the

departures were not sufficiently severe to preclude the intended ANOVAs. Given the absence of
extreme outliers, the equal group sizes, and the relative robustness of the mixed-design ANOVA

to modest violations of normality, these analyses were retained.

Homogeneity of Variance

Homogeneity of variance between males and females was assessed using Levene’s tests
for the continuous outcomes analysed using mixed-design ANOVA. Levene’s tests conducted on
the condition difference scores were nonsignificant for total distance, normalized distance, and
HR, indicating that the variability in the condition effects was comparable between sexes. When
homogeneity of variance was also examined separately for the control and menthol condition
scores, the assumption was satisfied for all continuous outcomes except control-condition
normalized distance, for which Levene’s test was significant, F(1, 38) = 5.30, p = .027. The
corresponding test for menthol condition normalized distance approached, but did not reach
significance, F(1, 38) = 3.87, p = .056. Given the equal group sizes and homogeneous difference-
score variance, the normalized-distance mixed-design ANOVA was retained and interpreted with
appropriate caution. Overall, the screening procedures indicated that the continuous outcomes
were suitable for the intended 2 x 2 mixed-design ANOV As, while the ordinal perceptual
outcomes were analysed using the intended nonparametric procedures. No participants were

excluded from the analyses.
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Descriptive statistics for total and body-mass-normalized time-trial distance by condition

and sex are presented in Table 2.

Table 2

Time-Trial Performance by Condition and Sex

Outcome Group Control Menthol
Total distance (m) Male 5786 +£ 518 5802 + 585
Female 5094 + 568 5246 + 603
All participants 5440 + 641 5524 + 650

Normalized distance (m-kg™) Male 72.4+79 72.6 + 8.4
Female 753+ 11.7 77.4+11.7
All participants 73.9+£10.0 75.0£10.3

Note. Values are presented as mean + standard deviation. Menthol and control refer to the

experimental nasal inhalation conditions.

Total Time-Trial Distance

The Condition x Sex interaction for total distance was significant, F(1, 38) =5.02, p =

031, np* = .117 (Figure 12). Simple-effects comparisons showed that females covered

significantly more distance during menthol than control, with a mean difference of 153 m (p =
.001, 95% CI [65, 240]), whereas the 16-m difference between conditions among males was not
significant (p =.712, 95% CI [-71, 104]). The main effect of Condition was also significant,

F(1,38)=17.65, p =.009, np? = .168, with participants covering an estimated 84 m more during
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menthol, 95% CI [23, 146]. The main effect of Sex was significant, F(1, 38) =12.35, p =.001,

np? = .245, with males covering a greater absolute distance than females when averaged across

conditions.

Figure 12
Total Time-Trial Distance by Condition and Sex
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indicates a significant main effect of Sex, p = .001. * indicates a significant Condition X Sex

interaction, p = .031.

Normalized Time-Trial Performance

The Condition x Sex interaction for normalized distance was significant, (1, 38) =5.47,
p =.025, np* = .126 (Figure 13). Simple-effects comparisons showed that females achieved a
significantly greater normalized distance during menthol than control, with a mean difference of

2.2m'kg™, p<.001,95% CI[1.0, 3.4], whereas the 0.2 m-kg™! difference among males was not
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significant, p =.767, 95% CI [—1.0, 1.4]. The main effect of Condition was significant, F(1, 38)
=17.63, p =.009, np*> = .167, with participants achieving an estimated 1.2 m-kg™' greater
normalized distance during menthol, 95% CI [0.3, 2.0]. The main effect of Sex was not

significant, F(1, 38)=1.47, p =.233, np?>=.037.

Figure 13

Normalized Time-Trial Distance by Condition and Sex
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Perceptual Responses
Descriptive statistics for the perceptual and physiological outcomes by condition and sex

are presented in Table 3.
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Perceptual and Physiological Responses by Condition and Sex (Mean + SD)
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Outcome Group Control Menthol
RPE Male 15.0+0.9 148+1.1
Female 15.1+0.9 149+1.1
All participants 15.1+0.9 149 +1.1
TS Male 22+04 22+1.0
Female 25+0.3 1.6+1.0
All participants 23+04 1.9+1.0
RC Male 49+1.1 49+1.3
Female 4.7+1.0 42+1.2
All participants 48+ 1.1 45+1.3
HR (bpm) Male 156.9+3.8 158.2+4.3
Female 158.5+4.7 159.2+£54
All participants 157.7+4.3 158.7+4.8
HR (% predicted HRmax) Male 82.5+2.2 83.1+2.4
Female 82.8+2.8 83.2+3.0
All participants 82.6 25 83.2+27

Note. RPE, TS, RC, and HR values represent time-trial averages calculated across the 5-, 10-,

and 15-minute time points. Values are presented as mean + SD. Lower TS scores indicate feeling

cooler, whereas lower RC scores indicate less respiratory discomfort. Age-predicted maximal

heart rate (HRmax) was estimated using the equation 208 — (0.7 x age) (Tanaka et al., 2001).

RPE = rating of perceived exertion; TS = thermal sensation; RC = respiratory comfort; HR =

heart rate.
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Ratings of Perceived Exertion

A Wilcoxon signed-rank test indicated that time-trial average RPE did not differ
significantly between the menthol and control conditions (Z=—1.92, p = .054; Figure 14). The
condition-related change in RPE did not differ significantly between males and females based on

the Mann—Whitney U test (U= 196.5, Z=—0.10, p = .924).

Figure 14
Ratings of Perceived Exertion by Condition and Sex
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Thermal Sensation
A Wilcoxon signed-rank test indicated that time-trial average thermal sensation was

significantly lower during the menthol condition than during the control condition (Z=-2.19, p
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=.029; Figure 15). The condition-related change in thermal sensation also differed significantly

between males and females based on the Mann—Whitney U test (U = 124.0, Z=—-2.06, p = .039).

Figure 15
Thermal Sensation by Condition and Sex
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differed significantly between males and females, p = .039.

Respiratory Comfort

A Wilcoxon signed-rank test indicated that time-trial average respiratory comfort scores
were significantly lower during the menthol condition than during the control condition,
reflecting greater respiratory comfort (Z=—2.05, p = .041; Figure 16). The condition-related
change in respiratory comfort also differed significantly between males and females based on the

Mann—Whitney U test (U= 117.0, Z=-2.26, p =.024).



79

Figure 16
Respiratory Comfort by Condition and Sex
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Note. Values are mean + SEM. Lower scores indicate less respiratory discomfort and therefore
greater respiratory comfort. T indicates a significant difference between conditions, p = .041. *
indicates that the condition-related change differed significantly between males and females, p =

.024.

Physiological Responses
Heart Rate

The Condition x Sex interaction for heart rate was not significant, F(1, 38) =0.32, p =
.576, np? = .008. The main effect of Condition was significant, F(1, 38) =6.39, p =.016, np* =
.144, with heart rate averaging 1.0 bpm higher during menthol, 95% CI [0.20, 1.82] (Figure 17).

The main effect of Sex was not significant, F(1, 38) = 0.86, p =.359, np? = .022.



Figure 17
Heart Rate by Condition and Sex
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Chapter Four: Discussion
Overview and Main Findings

The purpose of this study was to determine the effects of menthol nasal inhalation and
sex on performance, perceptual, and physiological responses during self-paced cycling. Menthol
improved absolute and body-mass-normalized performance, lowered thermal sensation and
respiratory discomfort, and increased mean heart rate, whereas RPE did not differ significantly
between conditions. Performance improvements and changes in thermal sensation and
respiratory comfort were larger among females, while RPE and heart rate responses did not
differ by sex.

These findings are notable because females have been underrepresented in previous
menthol-exercise research; a systematic review and meta-analysis of menthol mouth-rinsing
studies included 153 participants, of whom only 38 were female, limiting previous conclusions
regarding sex-based differences (Gavel et al., 2024a). By recruiting equal numbers of males and
females and balancing condition order within each sex, the present study addressed an important
limitation of the existing literature. The study was not designed to identify the biological
mechanisms responsible for the observed sex-related differences, so the mechanisms underlying

these findings remain uncertain.

Effects of Menthol Nasal Inhalation and Sex on Performance

Menthol nasal inhalation improved both absolute and body-mass-normalized time-trial
performance, supporting the performance hypothesis. With trial duration and individualized
resistance held constant between conditions, the greater distance covered suggests that

participants selected a greater overall cycling work rate during the menthol trial.
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Significant Condition % Sex interactions were observed for both performance outcomes,
driven by improvements among females, with no significant condition differences among males,
consistent with the hypothesized sex-related difference in the performance response. Their
performance improvement occurred alongside larger changes in thermal sensation and
respiratory comfort, whereas the heart rate response did not differ significantly by sex. This
pattern is consistent with larger menthol-related changes in selected perceptual responses among
females, although the present design cannot establish whether these changes caused the larger
performance improvement.

These findings should be interpreted alongside previous meta-analytic evidence on
menthol mouth rinsing rather than nasal inhalation. In a systematic review and meta-analysis of
10 menthol mouth-rinse studies, the overall effect on exercise performance and capacity was not
statistically significant, although the authors suggested that endurance exercise may be more
likely to benefit from menthol mouth rinsing (Gavel et al., 2024a). Much of the existing exercise
literature has also been conducted in exclusively or predominantly male samples, particularly in
studies examining oral and topical menthol administration (Jeffries & Waldron, 2019; Stevens &
Best, 2017). Accordingly, the available evidence remains limited with respect to both
administration route and sex-based responses.

Oral menthol administration has produced the most consistent performance benefits,
whereas topical application has yielded mixed findings (Jeffries & Waldron, 2019; Stevens &
Best, 2017). By comparison, nasal inhalation has remained underexplored, with previous studies
focusing primarily on perceived nasal airflow and respiratory discomfort at rest or under
respiratory loading, or on exercise responses in clinical populations such as adults with COPD,

rather than self-paced endurance performance in healthy adults (Eccles et al., 1988; Lindemann
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et al., 2008; Schaeffer et al., 2025; Zhao et al., 2011). The present study therefore extends this
literature by examining repeated menthol nasal inhalation during self-paced cycling in a balanced
sample of physically active males and females. As the previous meta-analysis concerned oral
rinsing rather than nasal inhalation, the present findings provide route-specific evidence that
repeated menthol nasal inhalation can improve self-paced cycling performance under the
conditions tested.

Repeated administration was a defining feature of the present protocol. Menthol was
administered at the onset of the time trial and again at 5 and 10 minutes, providing repeated
exposure throughout the 15-minute trial. Menthol’s perceptual effects may diminish within 10—
15 minutes, and intermittent re-exposure has therefore been proposed as a strategy for sustaining
perceptual stimulation during endurance exercise (Stevens et al., 2016; Stevens & Best, 2017).
Repeated menthol administration has been used in endurance protocols lasting approximately
23-25 minutes; however, differences in administration route, concentration, timing, and exercise
modality limit direct comparison across studies (Flood et al., 2017; Stevens et al., 2016). The
present study did not directly measure the duration of the sensory response or compare repeated
administration with a single pre-exercise exposure.

Participants covered approximately 84 m more during the menthol condition than during
the control condition, representing an improvement of approximately 1.5% relative to the control
condition mean. This improvement occurred without changes to the prescribed resistance or trial
duration. Normalizing distance to body mass produced a similar condition effect, suggesting that
the overall improvement was not simply attributable to differences in body size between

participants.
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The approximately 1.5% improvement in time-trial performance should not be projected
proportionally to longer-duration or real-world events. Pacing decisions, substrate use, fatigue
development, hydration, and environmental exposure change as exercise duration increases, and
the duration of menthol’s sensory effect may also become more important (Abbiss & Laursen,
2008; Stevens & Best, 2017). The present result therefore provides evidence of a performance
benefit under the 15-minute protocol but does not indicate whether a similar relative benefit

would persist during longer endurance exercise.

Effects of Menthol Nasal Inhalation and Sex on Perceptual Responses

Menthol nasal inhalation significantly lowered thermal sensation and respiratory comfort
scores, indicating cooler thermal sensations and less respiratory discomfort, whereas the
reduction in RPE did not reach statistical significance. Within the Psychobiological Model of
Endurance Performance, perceived effort and discomfort contribute to pacing decisions and
exercise tolerance (Marcora, 2008; Pageaux, 2014). Cooler thermal sensations and less
respiratory discomfort may therefore reduce the sensory burden of exercise and alter how
discomfort-related information is integrated into self-selected pacing (Marcora, 2008; Pageaux,
2014). This interpretation is also consistent with attentional-focus accounts, whereby the cooling
and airflow sensations produced by menthol may redirect attention away from fatigue-related
cues and reduce their prominence during exercise (Bigliassi, 2015). Together, the perceptual
findings provide a plausible mechanism through which nasal menthol may have influenced self-
selected performance during the time trial.

RPE was descriptively lower during the menthol condition, although the magnitude of the

difference was small and did not reach statistical significance. RPE represents the conscious



85

sensation of effort and is considered an important determinant of pacing and exercise tolerance
during self-paced endurance exercise (Marcora, 2008; Pageaux, 2014). Previous menthol
research has reported reductions in perceived exertion, although the magnitude and consistency
of these effects vary with administration route and exercise setting. Miindel and Jones (2010)
reported lower perceived exertion during exercise in the heat following an oral menthol rinse,
while Flood et al. (2017) found that oral L-menthol enabled a higher work rate and longer
exercise tolerance at a fixed RPE. Stevens et al. (2016) likewise reported improved running
performance alongside lower thermal sensation and perceived exertion with repeated menthol
mouth rinsing. Menthol-related cooling sensations may reduce the prominence of discomfort-
related sensory information or redirect attention away from fatigue-related cues (Barwood et al.,
2020; Bigliassi, 2015). The descriptive reduction in RPE occurred alongside improved
performance, and the condition-related change did not differ significantly between males and
females.

Thermal sensation was also significantly lower during menthol exposure, indicating that
participants felt cooler despite no intervention intended to reduce core or skin temperature. The
lower thermal sensation during the menthol condition may be attributed to menthol-mediated
activation of TRPMS receptors, which produces a cooling sensation through afferent sensory
signalling without necessarily changing core or skin temperature (Barwood et al., 2020; Iftinca &
Altier, 2020; Kamatou et al., 2013; Stevens & Best, 2017). As thermal discomfort can influence
pacing and exercise tolerance, the cooler sensation may have contributed to participants selecting
a greater overall work rate during the menthol trial (Pageaux, 2014; Stevens et al., 2018).

Several factors may explain why females experienced larger changes in thermal

sensation. Previous research indicates that females may perceive equivalent thermal
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environments as hotter, less comfortable, or more unpleasant than males, although these
differences vary according to environmental conditions, exercise intensity, body composition,
and measurement method (Schoech et al., 2021). Sex-related differences in responses to menthol
have also been reported. Parton et al. (2021) found that oral menthol lowered thermal sensation
in both males and females during fixed-RPE exercise in the heat; however, the reduction was
maintained for only part of the trial among females, while only males significantly increased
power output. In the present study, the higher thermal sensation score in the control-condition
among females provided greater potential for a reduction, and menthol-induced cooling may
have changed the appraisal of thermal discomfort more strongly in that group. Differences in
TRPMS8-mediated sensory sensitivity or in attention to the cooling stimulus are also plausible,
but these explanations remain provisional because skin temperature, core temperature, sweat
rate, and sensory sensitivity were not measured.

The lower thermal sensation scores therefore likely reflect altered sensory appraisal
rather than physiological cooling; direct temperature measurements would be required to
distinguish these possibilities. Interpretation of the thermal sensation findings is also limited by
the broad range of laboratory temperature and relative humidity observed across the data-
collection period (20.5-30.8°C and 31-77%, respectively). As session-specific environmental
conditions were not recorded, it is not possible to determine whether differences in laboratory
conditions contributed to individual thermal sensation responses.

Respiratory comfort scores were also lower during menthol, indicating less breathing
discomfort. Nasal menthol exposure can enhance the sensation of airflow and nasal patency
through stimulation of trigeminal sensory pathways, even when nasal resistance and pulmonary

function remain unchanged (Eccles et al., 1988; Lindemann et al., 2008; Zhao et al., 2011). The
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improvement observed in the present study therefore likely reflects a perceptual change in
breathing sensation rather than a direct improvement in airway mechanics. This sensory
interpretation is consistent with evidence that menthol can improve perceived nasal patency or
breathlessness without corresponding improvements in objective airway or pulmonary function
(Lindemann et al., 2008; Schaeffer et al., 2025).

The condition-related change in respiratory comfort differed significantly between males
and females, with a descriptively larger reduction in respiratory discomfort among females that
may also have contributed to the performance interaction. Previous research indicates that
females can experience greater exertional dyspnea under some matched-intensity conditions
because of smaller airway dimensions, lower lung volumes, and a greater mechanical cost of
breathing (Cory et al., 2015; LoMauro & Aliverti, 2018). However, this explanation was not
supported by the control-condition scores in the present sample: females reported less, rather
than more, respiratory discomfort than males (4.7 vs. 4.9). Therefore, the larger female response
cannot be attributed to a higher initial level of respiratory discomfort. It may reflect differences
in sensory responsiveness or another unmeasured factor, but ventilation, respiratory mechanics,

pulmonary function, respiratory muscle work, and perceived airflow were not directly measured.

Effects of Menthol Nasal Inhalation and Sex on Physiological Responses

Mean heart rate was significantly higher during the menthol condition than during the
control condition, supporting the physiological hypothesis. As participants also covered a greater
distance during menthol while exercising against the same individualized resistance, the higher

heart rate is consistent with participants selecting and sustaining a higher work rate. There was
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no significant Condition x Sex interaction for heart rate, providing no evidence that the heart rate
response differed between sexes.

This response should not be interpreted as evidence that menthol directly increased
cardiovascular capacity. Menthol is primarily understood to influence exercise through sensory
and perceptual pathways, particularly TRPMS8-mediated cooling and enhanced airflow sensation,
rather than through direct enhancement of cardiac function or aerobic metabolism (Barwood et
al., 2020; Iftinca & Altier, 2020; Lindemann et al., 2008). The increase in heart rate more likely
reflects a behavioural adjustment in pacing, as the cooler thermal sensation and reduced
respiratory discomfort experienced during menthol may have supported a greater overall work
rate, thereby increasing cardiovascular demand (Marcora, 2008; Pageaux, 2014). Despite the
higher heart rate and greater distance achieved during menthol, RPE did not significantly
increase, while thermal sensation and respiratory discomfort were lower. This pattern is
consistent with menthol altering the perceptual experience of exercise during the higher self-
selected work rate.

The heart rate increase averaged approximately 1 bpm, consistent with the greater
distance covered during the menthol condition. Although heart rate was continuously monitored,
with calculated HR values recorded at 1-second intervals, the inferential outcome was calculated
from the 30-second windows preceding the 5-, 10-, and 15-minute assessments. The analysis
therefore does not indicate whether the condition difference persisted throughout the trial or was

concentrated within a particular pacing phase.
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Practical Applications

The findings indicate that repeated menthol nasal inhalation can be a practical perceptual
strategy for supporting short-duration, self-paced cycling performance. The intervention was
brief, required minimal interruption to exercise, and was associated with greater distance
covered, cooler thermal sensations, and less respiratory discomfort, while RPE was descriptively
lower but did not differ significantly between conditions. Nasal administration may therefore be
useful in settings where athletes seek a rapid sensory intervention without consuming fluid or
applying menthol to large areas of skin. Although statistically significant, the average
performance improvement was modest at approximately 1.5%, so its practical importance may
depend on the performance context and the magnitude of change considered meaningful to the
individual athlete.

The repeated dosing schedule used in the present study may be especially relevant for
practical application. Menthol was administered for 5 seconds at the onset of the time trial and
again at 5 and 10 minutes. As menthol’s perceptual effects can diminish after exposure, repeated
administration has been proposed as a strategy for maintaining sensory effects as discomfort
increases during continuous endurance exercise (Stevens et al., 2016; Stevens & Best, 2017).
Repeated administration has been used in prior endurance protocols, but those studies have
differed in route, concentration, timing, environmental conditions, and exercise mode (Barwood
et al., 2020; Jeffries et al., 2018). The existing literature has not directly compared a single
exposure with repeated nasal inhalation under the same exercise conditions. The present
schedule was effective under the conditions tested but should not be interpreted as evidence that

repeated dosing is superior to a single exposure or other administration schedules.
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Larger condition-related changes in performance, thermal sensation, and respiratory
comfort were observed among female participants. These findings indicate that responses to
menthol nasal inhalation vary by sex for selected performance and perceptual outcomes. Athletes
and practitioners should therefore evaluate the intervention during training before using it in
competition.

The findings were obtained during a 15-minute laboratory cycling time trial in physically
active adults. Longer events involve different pacing, fatigue, hydration, and thermal demands
and may require different exposure durations or administration schedules. The findings should
therefore not be assumed to apply directly to longer-duration events, running, team sports, highly
trained athletes, or competition outside controlled conditions. Accordingly, the practical value of
menthol nasal inhalation should be evaluated within the specific demands and context of the
intended sport or event.

The intervention should also be used cautiously in warm or hot environments. Previous
research indicates that menthol can reduce perceived thermal strain without a corresponding
reduction in core or skin temperature (Barwood et al., 2020; Stevens & Best, 2017).
Physiological heat strain was not measured in the present study, so this dissociation cannot be
confirmed here. Future applied work should pair menthol with direct temperature monitoring and
established hydration, environmental-cooling, pacing, and heat-safety procedures rather than
treating the cooling sensation as evidence of reduced physiological strain.

The present laboratory protocol standardized the reservoir mass, apparatus position below
but not touching the nostrils, exposure duration, administration timing, and cleaning procedures.
Future applied use should incorporate comparable standardization and hygienic delivery

procedures. Excessive exposure should be avoided because menthol may cause nasal or throat



91

irritation (Jeffries & Waldron, 2019; Pergolizzi et al., 2018). The protocol used in the present
study should therefore be viewed as an experimental approach rather than an established dosing

recommendation.

Limitations

Several limitations should be considered when interpreting the findings of the present
study. First, a sensory-matched placebo condition was not used. The control condition involved
inhalation from an identical apparatus containing only air, but menthol produces a distinctive
cooling sensation that participants could identify (Barwood et al., 2020). Consequently,
participants may have been aware of the experimental condition, and expectancy or placebo
effects may have contributed to the observed responses. Although the pseudo-randomized design
and standardized procedures reduced between-participant variability, they could not eliminate
the influence of treatment awareness.

The study measured average responses across the time trial rather than continuous pacing
behaviour. Total distance provided a valid overall performance outcome, but cadence, power
output, and distance were not recorded continuously throughout the trial. It is therefore unclear
whether menthol influenced pacing consistently across the full 15 minutes or primarily altered
the opening pace, mid-trial effort, or end-spurt. Continuous performance data would have
provided a more detailed explanation of how participants achieved the greater distance observed
during menthol.

In the present study, physiological measurements were limited to heart rate, and
respiratory comfort was assessed using a perceptual scale rather than an objective measure of

respiratory function. Core and skin temperature, oxygen consumption, ventilation, respiratory
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mechanics, airway resistance, perceived nasal airflow, breathing frequency, and inspiratory
resistance were not measured. Consequently, the study cannot confirm whether the reductions in
thermal sensation and respiratory discomfort occurred independently of physiological changes or
whether improved respiratory comfort reflected altered airflow sensation. Based on the
established perceptual action of menthol (Barwood et al., 2020; Stevens & Best, 2017), these
responses are interpreted as primarily sensory; however, direct physiological measurements
would be required to verify these mechanisms.

Session-specific laboratory temperature and relative humidity were not recorded, and
environmental conditions such as temperature, humidity, and airflow could not be
experimentally controlled within the available laboratory setting. The monitor documented a
broad range across the data collection period, and testing was withheld only when the displayed
temperature exceeded 28°C; therefore, the degree to which each participant’s control and
menthol trials were environmentally matched cannot be verified. As ambient heat and humidity
can influence thermal perception, cardiovascular strain, and endurance performance, unmeasured
between-session variation may have contributed to the condition effects, particularly for thermal
sensation (Périard et al., 2021).

The study also relied on perceptual scores averaged across the time trial using the 5-, 10-,
and 15-minute measurements. Averaging provided a useful representation of the overall exercise
experience but may have obscured meaningful changes across time. For example, menthol may
have produced a stronger perceptual effect immediately after administration that weakened
before the subsequent dose. A time-resolved analysis could provide more information about the
onset and duration of the sensory response and whether these patterns differ by condition or sex,

although changes across time were not examined in the present study.
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Another limitation relates to blinding of performance information. Participants were
blinded to elapsed time, distance, assessment timing, and inhalation timing, which reduced the
influence of external feedback. However, withholding time and distance feedback may have
reduced ecological validity because self-paced performance typically incorporates external
pacing cues (Abbiss & Laursen, 2008; Currell & Jeukendrup, 2008).

Although participants attended a familiarization session, they did not complete the full
15-minute time trial during that visit. In recreationally active males, variability in a comparable
15-minute cycling time trial decreased across repeated trials, indicating that pacing reliability
may improve with additional task exposure (Funnell et al., 2023). Residual learning or pacing
adaptation may therefore have occurred between the two experimental trials. Counterbalancing
condition order reduced systematic condition bias, but period and sequence effects were not
formally examined.

Multiple inferential analyses were conducted across the performance, perceptual, and
physiological outcomes, and no family-wise adjustment was applied across outcomes. The
number of tests therefore increases the possibility of Type I error, and the findings should be
interpreted with appropriate caution and confirmed in future studies. Accordingly, some of the
statistically significant findings may represent false-positive results rather than true effects of
menthol and should therefore be interpreted cautiously until replicated.

The sample consisted of physically active adults aged 18-35 years rather than trained or
elite cyclists. Participants may have differed in cycling experience, pacing ability, fitness, and
familiarity with high-intensity time-trial exercise. Although familiarization and individualized
resistance were used to reduce these concerns, the findings may not generalize to highly trained

endurance athletes with more established pacing strategies or to sedentary and clinical
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populations. As such, the magnitude and consistency of the observed responses may differ in
populations with greater cycling experience, higher fitness levels, or more established pacing
strategies.

Menstrual-cycle phase and hormonal-contraceptive use were not experimentally
controlled. This decision was consistent with evidence that phase-related effects on self-paced
endurance performance and perceptual responses are small, inconsistent, and highly variable
(McNulty et al., 2020). Strict phase verification would also have reduced feasibility and
ecological validity (Elliott-Sale et al., 2021). Nevertheless, hormonal status may have
contributed to variability in thermal perception, respiratory discomfort, or menthol
responsiveness within the female group. The findings should therefore not be interpreted as
indicating that all females respond similarly to menthol.

The inhaled menthol dose was not quantified. Although the reservoir contained 5 g of L-
menthol crystals and exposure duration and apparatus position were standardized, vapour
concentration, inspiratory flow, and inhaled volume were not measured. Accordingly, the 5-g
reservoir mass should not be interpreted as the dose delivered to each participant, and between-
participant variability in actual exposure may have influenced the results.

Prior menthol use was recorded on the screening form, but exposure frequency and
sensory familiarity were not assessed using a standardized measure and were not included in the
analyses. The study also did not assess perceived stimulus intensity, treatment expectancy, or
participants’ beliefs about condition allocation. These factors may have influenced perceptual
and performance responses and should be assessed in future research.

Finally, the findings are specific to the 5-g menthol reservoir mass, exposure duration,

administration schedule, exercise protocol, and environmental conditions used in the present
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study. Menthol was administered for 5 seconds at 0, 5, and 10 minutes during a 15-minute
cycling time trial. Different quantities, exposure durations, administration frequencies, exercise
modes, or environmental temperatures may produce different outcomes. The present protocol
should therefore not be assumed to represent the optimal or universally effective approach to
menthol nasal inhalation.

Despite these limitations, the pseudo-randomized, counterbalanced design, standardized
testing procedures, familiarization session, balanced male and female sample, and use of both
absolute and normalized performance outcomes strengthen confidence in the observed within-
participant effects. The findings provide a basis for further investigation of repeated menthol
nasal inhalation while identifying several methodological areas that should be addressed in future

research.

Future Directions

Future research should incorporate more detailed performance and physiological
measurements to better identify the mechanisms underlying the observed effects. Continuous
cadence, power output, speed, and heart rate should be recorded to determine how menthol
influences pacing throughout a self-paced trial. Segment-by-segment data would clarify whether
performance improvements result from a faster initial pace, a more consistent middle portion, a
stronger end-spurt, or a general increase in work rate. Core and skin temperature should also be
assessed to determine whether changes in thermal sensation occur independently of
physiological cooling. These measures would help distinguish changes in pacing behaviour from
changes in physiological strain and clarify whether menthol alters perceived thermal state

without corresponding changes in body temperature (Barwood et al., 2020; Stevens & Best,
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2017). Measurements of oxygen consumption, ventilation, breathing frequency, tidal volume,
respiratory mechanics, and pulmonary function would help determine whether the respiratory
comfort response is entirely perceptual or is accompanied by measurable physiological changes.
Perceived nasal airflow could also be measured directly because enhanced airflow sensation is a
proposed mechanism of nasal menthol exposure (Eccles et al., 1988; Lindemann et al., 2008).
Further investigation is needed to identify the optimal menthol administration protocol.
Studies should compare reservoir masses, vapour concentrations, exposure durations,
administration frequencies, timing strategies, and, where feasible, the delivered dose. Direct
comparison of single and repeated exposures would help determine whether intermittent dosing
is necessary to maintain perceptual effects and whether repeated exposure produces sensory
desensitization (Iftinca & Altier, 2020; Yin et al., 2024). Comparisons among nasal inhalation,
oral rinsing, and topical application would also clarify whether administration route influences
the magnitude, duration, and type of response. Using equivalent exercise protocols and
standardized sensory exposure across routes would help identify which approach is most
appropriate for different performance contexts (Lindemann et al., 2008; Stevens & Best, 2017).
Participant-level factors that may influence responses to menthol also warrant further
examination. Formal assessments of expectancy and blinding could determine which condition
participants believed they received, their confidence in that judgment, their expectations
regarding menthol, and the perceived intensity of the cooling sensation. Although creating a truly
sensory-matched placebo is difficult (Barwood et al., 2020), alternative control conditions could
help distinguish sensory effects from expectancy-related influences. Studies should also
determine whether prior menthol use, cooling sensitivity, aerobic fitness, cycling experience, and

baseline thermal or respiratory discomfort are associated with the magnitude and consistency of
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perceptual and performance responses. These measures may help explain individual variability
without assuming a uniform response across all athletes.

The generalizability of the present findings should be examined across training levels,
exercise protocols, and environmental conditions. Studies involving trained cyclists and
endurance athletes could determine whether responses differ from those of recreationally active
adults, particularly because pacing expertise may influence the practical relevance of perceptual
changes. Longer-duration time trials and other exercise modalities, including running and
rowing, should also be examined. Given menthol’s frequent use as a cooling intervention, future
trials should compare temperate, warm, and hot environments while incorporating direct
measures of physiological heat strain and appropriate safety monitoring (Barwood et al., 2020;
Stevens & Best, 2017). Field-based research would further clarify whether the intervention
remains effective when athletes receive normal performance feedback and are exposed to
environmental variability.

The observed sex-related differences should be replicated, and the factors contributing to
these responses should be investigated. Studies should continue to recruit balanced male and
female samples and should collect information on menstrual-cycle characteristics and hormonal-
contraceptive use. Where feasible and justified by the research question, hormonal status could
be verified using appropriate biochemical methods (Elliott-Sale et al., 2021). However, future
research should avoid treating females as a uniform group and should consider within-sex
variability alongside comparisons between sexes. Measurements of baseline thermal perception,
respiratory discomfort, pulmonary function, body composition, and sensory sensitivity may help

determine why females demonstrated larger responses in selected outcomes.
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Chapter Five: Conclusion

This study examined the effects of repeated menthol nasal inhalation and sex on
performance, perceptual, and physiological responses during self-paced cycling in physically
active adults. Menthol nasal inhalation significantly improved performance, as participants
covered a greater total distance and achieved greater body-mass-normalized performance during
the 15-minute time trial. Menthol also lowered thermal sensation and respiratory comfort scores,
indicating cooler thermal sensations and less respiratory discomfort, while RPE was
descriptively lower but did not differ significantly between conditions. Mean heart rate was
higher during the menthol condition, consistent with participants sustaining a greater self-
selected work rate alongside these perceptual changes.

Sex influenced selected performance and perceptual responses to menthol, with larger
performance improvements and greater changes in thermal sensation and respiratory comfort
among females, whereas RPE and heart rate responses did not differ by sex. The mechanisms
underlying these sex-related differences remain uncertain. The combined performance,
perceptual, and physiological findings are consistent with menthol acting primarily as a
perceptual ergogenic aid that may support a greater self-selected work rate during exercise. The
present study extends the menthol-exercise literature by examining repeated nasal inhalation
during self-paced cycling in a sex-balanced sample.

Overall, repeated menthol nasal inhalation represents a promising perceptual strategy for
supporting self-paced cycling performance, with sex influencing selected performance and
perceptual responses. Further research is needed to establish its optimal administration protocol,

mechanisms, safety, and applicability across populations and exercise settings.
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Appendices

Appendix A: A Priori Power Analysis

critical F =4.11317

Test family Statistical test

F tests ~ ANOVA: Repeated measures, within-between interaction w

Type of power analysis

A priori: Compute required sample size - given «, power, and effect size e
Input Parameters Output Parameters

Determine =2 Effect size f 0.2389193 Noncentrality parameter h 8.6765297

® err prob 0.05 Critical F 41131653

Power (1-B err prob) 0.8 Mumerator df 1.0000000

MNumber of groups 2 Denominator df 36.0000000

Number of measurements 2 Total sample size 38

Corr among rep measures 0.5 Actual power 08175940

Nonsphericity correction € 1

Note. As no prior study had reported a Condition x Sex interaction effect for repeated menthol
nasal inhalation during self-paced exercise in healthy adults, the interaction effect size was
estimated from related oral-menthol research. Parton et al. (2021) reported np* = .054 for a sex-
specific response to orally applied L-menthol. This value was converted to Cohen’s f'(f = .239)

and used as the approximate interaction effect for the a priori analysis in G*Power 3.1.9.7.
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Appendix B: Recruitment Poster

o a ea :m;ology
- ERS

UNIYV I TY

Physically Active Adults Needed

for Cycling Performance Study Using Menthol Inhalation

Are You Eligible to Participate?

Must be:
« Between the ages of 18 and 35
» Perform =150 minutes of moderate aerobic exercise per week or =75
minutes of vigorous exercise per week for the past three months
= Able to safely perform moderate-to-vigorous cycling exercise
» Free from any cardiovascular, respiratory, metabolic, or musculoskeletal
conditions that could limit exercise participation

Your Commitment Participation Requirements
3 laboratory visits totalling 2 hours and « Inhalation of menthol vapour during
15 minutes: one trial.
* One familiarization session » Provide rating of perceived exertion,
(~45mins). thermal sensation and breathing
= Two cycling time-trial sessions, 15- comfort.
minute time-trial (~45 mins each). » Wear a chest-strap heart rate
monitor.

Potential Benefits

While there are no direct personal benefits, participants may gain insight into their
cycling performance and physiological responses to exercise. As well as contribute
to research on strategies that may influence endurance performance.

& Contact Information
[ ’ Student Researcher:
4 Tyson Mayer

timayer@lakeheadu.ca
(807) 633-4214

This study has been approved by the Lakehead University Research Ethics Board
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Appendix C: Participant Information Letter

g a ea.d Research

UNIV SITY Services

Information Letter
Dear Potential Participant,

Thank you for expressing an interest in the research study titled “Influence of Menthol Nasal
Inhalation on Self-Paced Cycling Time-Trial Performance, Perceptual and Physiological
Responses in Active Adult Males and Females.”

The study is being conducted by Tyson Mayer, a graduate student in the Master of Science
(MSc) program in the School of Kinesiology at Lakehead University. This research project will
be conducted under the supervision of Dr. Derek Kivi, Associate Professor in the School of
Kinesiology.

Purpose

The purpose of this study is to investigate the effects of menthol nasal inhalation on cycling
time-trial performance and perceptual responses during exercise in active adult males and
females.

Menthol is a naturally occurring compound which is commonly used in consumer products due
to its cooling sensation and potential to improve breathing comfort. This study will examine
whether menthol inhalation influences cycling performance, perceived exertion, thermal
sensation, and respiratory comfort during a laboratory cycling time-trial.

What is Requested as a Participant?

You are being asked to voluntarily participate in this study because you are a physically active
adult between the ages of 18 and 35 years.

To be eligible to participate in this study, you must:
e Engage in regular aerobic exercise.
e Be able to perform moderate-to-vigorous cycling exercise safely.
e Be either male or female, which was assigned at birth.
e Complete the Get Active Questionnaire (GAQ), confirming that participation in
exercise is safe.

Individuals with cardiovascular, respiratory, metabolic, or musculoskeletal conditions that
could limit participation in safe exercise will not be eligible.
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What Will Participation Involve?

If you agree to participate in this study, you will be asked to attend three laboratory sessions at
the C.J. Sanders Fieldhouse (SB-1025) at Lakehead University. Each session will last
approximately 45 minutes for a total of 2 hours and 15 minutes.

During the familiarization session, you will:

e Complete a standardized warm-up on the cycle ergometer.

e Perform a graded ramp cycling protocol in which resistance gradually increases until a
rating of perceived exertion (RPE) of fifteen is reached.

e Become familiar with the perceptual rating scales that will be used during the
experimental trials.

e Have the cycling resistance for the experimental trials been determined from your
performance during the ramp protocol.

During the experimental sessions, you will:
e Complete a standardized warm-up on the cycle ergometer.
e Perform a 15-minute self-paced cycling time trial on a cycle ergometer and inhale
menthol vapour nasally during one of the trials.
e Provide ratings of perceived exertion, thermal sensation, and respiratory comfort
during exercise.
e Wear a Polar H10 heart rate chest-strap monitor to continuously measure heart rate.

Nasal inhalation will occur for 5 seconds at 0, 5, and 10 minutes during the cycling time trial.
Perceptual ratings will be collected at 0, 5, 10, and 15 minutes during the time trial. A
cooldown will be completed following the exercise test.

What Risks Come with Participating in This Study?

Participation in this study involves moderate-to-vigorous exercise, which carries inherent risks
such as:

Fatigue.

Shortness of breath.

Dizziness.

Muscle soreness.

To minimize risks:
e Participants will complete the Get Active Questionnaire (GAQ) before participation.
e A standardized warm-up will be performed before testing.
e The researcher will supervise all exercise testing.

Menthol nasal inhalation may produce mild sensations, such as cooling or tingling, in the nasal
passages, but it is generally considered safe at the amount used in this study. Two dedicated
nasal inhalation apparatuses will be used: one for the menthol condition and one for the control
condition. The apparatuses will be cleaned between participants and stored separately to help
prevent cross-contamination. Participants may stop the test at any time if they feel discomfort.
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If nasal discomfort or irritation lasts for more than 24 hours following a session, please contact
the research team to determine appropriate next steps, which may include seeking medical
attention if deemed necessary.

How Does Participating in This Study Benefit You?

You may not receive direct personal benefits from participation. However, you may gain
insight into your cycling performance. Additionally, your participation will contribute to
research examining the use of menthol inhalation during endurance exercise, including its
potential effects on perceptual responses (such as perceived effort, thermal sensation, and
breathing comfort) and overall performance.

What Are Your Rights as a Participant?

As a potential participant, you maintain the following rights throughout this study:
I.  You are under no obligation to participate and may stop any laboratory/cycling session
at any time without penalty.
II.  Your decision to participate will not affect your academic, employment, or athletic
status.

III.  You will be given information relevant to your decision to continue participation
during the study.

IV.  You may request that your collected data be withdrawn from the study for up to four
weeks after completing your final session. After this four-week period, your data may
be de-identified and combined with other participant data, and it may no longer be
possible to remove your individual data from the study dataset.

How to Receive a Copy of the Research Results

If you wish to receive a copy of your individual results and/or a summary of the overall results
of the study, please indicate this on the consent form and provide an email address where the
results can be sent.

Withdrawal of Data

You may request to withdraw your collected data from the study for up to four weeks after
completing your final session. To withdraw your data, you may contact the research team
using the contact information provided in this letter. After the four-week withdrawal period,
your data may be de-identified and combined with other participant data, and it may no longer
be possible to remove your individual data from the study dataset.

How Will Confidentiality Be Maintained?
All information collected during this study will remain confidential. Participants will be

assigned a unique identification number, and no identifying information will be attached to the
data. All electronic data will be stored on a password-protected computer, and hard-copy
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documents will be securely stored at Lakehead University. Only the student researcher and
research supervisor will have access to the data.

How Will the Results of the Study Be Published?

The results of this study may be presented to graduate students and faculty in the School of
Kinesiology at Lakehead University and may also be submitted for publication in a peer-
reviewed scientific journal or presented at a scientific conference.

Participants will not be identified in any publication or presentation.
Where Will Your Data Be Stored?

Upon completion of this study, the data will be stored at the School of Kinesiology at
Lakehead University with Dr. Derek Kivi for a seven-year period. All electronic data will be
securely stored on a password-protected computer, with hard copies of the consent forms,
GAQs, and information/demographic forms locked in Dr. Derek Kivi’s office. Only the
student researcher and the research supervisor involved in this study may access the results.

Researcher Contact Information

If you have any questions and/or are interested in participating in this study, feel free to contact
the student researcher, Tyson Mayer, using the contact information listed below. You may also
contact the research supervisor, Dr. Derek Kivi.

Research Ethics Board Review and Approval

This study has been approved by the Lakehead University Research Ethics Board. If you have
any questions regarding the ethics of this research, you would like to talk with someone other
than the involved researchers, contact Sue Wright at the Lakehead University Research Ethics
Board at 1(807)343-8283 or research@lakeheadu.ca

Your participation would be greatly appreciated. Thank you for your consideration.

Sincerely,

Tyson Mayer

Student Researcher
timaver@lakeheadu.ca

Dr. Derek Kivi
Research Supervisor
dkivi@lakeheadu.ca



mailto:research@lakeheadu.ca
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mailto:dkivi@lakeheadu.ca

136

Appendix D: Informed Consent Form

g a sea.d | Research

UNIVER 1 TY | Services

I Understand and Consent to the Following:
O I have read and understood the information contained in the Information Letter.

U I have responded truthfully to any screening measures, even if it limits my ability to
participate in this study.

U I agree to participate.

U I understand that I may stop any laboratory/cycling session at any time without penalty.

U [ understand that I may request to withdraw my collected data from the study for up to
four weeks after completing my final session.

U I understand the risks and benefits of the study.

O The data will be securely stored at Lakehead University for a minimum of 7 years
following completion of the research project.

O The research findings will be made available upon request.

U My information will remain confidential in any publications or presentations of the
research findings.

U Any previous questions/concerns have been addressed

By consenting to participate, [ have not waived any rights to legal recourse in the event of
research-related harm.

Name (printed):

Signature of Participant Date (dd/mm/yyyy)

Would you like to receive a copy of your individual results and/or a summary of the overall
results of the study?

U] Individual results Email:
00 Summary of results L] Neither
Signature of Student Researcher Date (dd/mm/yyyy)

Signature of Research Supervisor Date (dd/mm/yyyy)
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Appendix E: Get Active Questionnaire (GAQ)

4 CSEPISCPE Get Active Questionnaire

BEIENCT NN PERSORAL TRA MING
CaMADIAM SOCIETY FOR EXERCISE PHYSIOLOGY —
PHYSICAL ACTIVITY TRAINING FOR HEALTH (CSEP-PATH®)

Physical activity improves your physical and mental health. Even small amounts of physical activity
are good, and more is better.

For almost everyone, the benefits of physical activity far outweigh any risks. For some individuals, specific advice from a
Qualified Exercise Professional (QEP — has post-secondary education in exercise sciences and an advanced certification in the
area — see csep.cafcerifications) or health care provider is advisable. This questionnaire is intended for all ages - to help maove
you aleng the path to becoming mare physically active.

D | am completing this questionnaire for myself.

I:I | am completing this questionnaire for my child/dependent as parent/guardian.

PREPARE TO BECOME MORE ACTIVE

The following questions will help te ensure that you have a safe physical activity
experience. Please answer YES or NO to each question before you become more
physically active. If you are unsure about any question, answer YES.

1 Have you experienced ANY of the following (A to F) within the past six months?

A A dizgnosis offtreatment for heart disease or stroke, or pain/discomfort/pressure
in your chest during activities of daily living or during physical activity?

B A diagnosis offtreatment for high blood pressure (BF), or a resting BP of 160720 mmHg or higher?

€ Dizziness or lightheadedness during physical activity?

D Shortness of breath at rest?

E Loss of consciousness/fainting for any reason?

F Concussion?

2 Do you currently have pain or swelling in any part of your body {such as from an injury,
acute flare-up of arthritis, or back pain) that affects your ability to be physically active?

3 Has a health care provider told you that you should avoid or modify certain types of physical activity?

4 Do you have any other medical or physical condition (such as diabetes, cancer, osteoporosis,
asthma; spinal cord injury) that may affect your ability to be physically active?

IESPONSE « o « o0

PAGE. 1 OF 2
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45 SEPISCPE  Get Active Questionnaire

1ENEE KD PERSCORAL TEA PR

AS55ES5 YOUR CURRENT PHYSICAL ACTIVITY

Answer the following questions to assess how active you are now.

1 During a typical week, on how many days do you do moderate- to vigorous-intensity aerchic physical I:I E_"E"'ESE'
activity (such as brisk walking, cycling or jogging)?

2 On days that you do at least moderate-intensity aerobic physical activity (e.g., brisk walking), : :LEUTEE.-'
for how many minutes do you do this activity?

For adults, please multiply your average number of days/wesk by the average number of minutes/day: D M'Nu“y

Canadian 24-Hour Movement Guidelines recommend that adults accumulate at least 150 minutes of moderate- to vigorous-
intensity physical activity per week. For children and youth, at least &0 minutes daily is recommended. Strengthening muscles
and bones at least two times per week for aduits, and three times per week for children and youth, is also recommended
[zee csep.ca’guidelines).

GENERAL ADVICE FOR BECOMING MORE ACTIVE

increase your physical activity gradually so that you have a pasitive experience. Build physical activities that you enjoy
into your day (e.g., take a walk with a friend, ride your bike to school or work) and reduce your sedentary behaviour
{e.g., prolonged sitting).

If you want to do vigorous-intensity physical activity (i.e., physical activity at an intensity that makes it hard to carry on a
conversation), and you do not meet minimum physical activity recommendations noted above, consult a Qualified Exercise
Professional (2EP) beforehand. This can help ensure that your physical activity is safe and suitable for your circumstances.

Physical activity is also an important part of a healthy pregnancy.

Delay becoming mare active if you are not feeling well because of a temporany iliness.

DECLARATION

To the best of my knowledge, all of the information | have supplied on this questionnaire is cormect.
If my health changes, | will complete this questionnaire again.

| answered MO to all questions on Page 1 | answered YES to any question on Page 1

v Check the box below that applies to you:

D I have consulted & health care provider or Qualified Exercise Professional

[QEF) who has recormmended that | be physically active.
Sign and date the Declaration below « R e = S
I:l | am comfiortable with becoming mone physically active on my own
* without consulting a health care provider or QEP.
Mame (= Mame of Parent/Guardian if applicable] [Please print]  Signature [or Signature of Parent/Guardian if applicable) Diate of Birth
Ciate Email [optional ] Telephone joptional

With planning and support you can enjoy the benefits of becoming more physically active. A QEP can help.

Chack this bowx if you would like to consult a QEP about becoming more physically active.
{This completed questionnaire will help the QEF get to know you and understand your needs.)

21 Doty fof Exarras Pryschog, 20 Al naghts resseved PAGEZOF I
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Appendix F: Participant Screening Form

g a eE 3 ead | Research

UNIY S TY | Services

Filled out by Researcher:

Participant Name:

Filled out by Participant:

Information collected on this form will be kept confidential and may only be reviewed by the
research team. As a reminder, you have the right to withdraw from participation at any time
and may choose not to answer any questions.

Please answer the following questions to determine eligibility for participation in this study:

1. Are you between 18 and 35 years of age?
O Yes
J No

2. Do you currently meet the following criteria to be deemed physically active?

e Engage in >150 minutes of moderate-intensity aerobic activity per week
e Engage in >75 minutes of vigorous-intensity aerobic activity per week
o For at least three consecutive months before participation.

0 Yes
O No

3. Do you have any allergy or hypersensitivity to menthol or menthol-containing products?
O Yes
O No

4. Have you previously used menthol products during exercise (e.g., menthol spray, gum,
mouth rinse, inhalant)?

O Yes
O No

If yes, please describe:




5. Have you sustained a musculoskeletal injury within the past three months that would
limit the ability to perform maximal cycling exercise?
O Yes

LJ No
6. Do you currently take medications or supplements that may influence cardiovascular
responses or perceptual responses to exercise?

0 Yes
O No

7. Have you been diagnosed with anosmia (loss of smell) or dysgeusia (altered taste)?
O Yes

O No

The following questions are optional and are included to help interpret potential sex-based
differences in responses to exercise.

For participants assigned female at birth

8. Do you currently use hormonal contraceptives?

L Yes, please specify which type (optional):

140

O No
Ll Prefer not to say

9. When was the first day of your most recent menstrual period?

[ Prefer not to say

Participant Signature:

Researcher Signature:

Eligible for participation (YES/NO):

Date (dd/mm/yyyy):
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Appendix G: Standardized Time-Trial Instruction Script
The following standardized instructions were read to all participants prior to the start of each

experimental trial.

“You will complete a 15-minute self-paced cycling time trial on the cycle ergometer. Your
objective is to cover as much distance as possible during the 15-minute period. You may adjust
your cadence throughout the trial as you wish; however, you must always remain seated on the

ergometer.”

“During the trial, you will be asked to provide ratings of perceived exertion, thermal sensation,

and respiratory comfort at several time points. When prompted, please respond as quickly and

accurately as possible while continuing to cycle. Please avoid stopping or pausing your cycling

unless you feel unable to continue.”

“If at any time you experience unusual discomfort, dizziness, or wish to stop, please inform the

researcher immediately and the trial will be terminated.”

“Do you understand the procedure before starting the time trial?”

“Do you have any questions before we begin?”

“You will not receive feedback regarding elapsed time or performance during the trial.”
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Appendix H: Perceptual Measurement Scales and Administration Script
Administration Script:
Participants were provided with standardized instructions for each perceptual scale prior to and

during the time trial.

Rating of Perceived Exertion (RPE)
“This scale measures how hard you feel your body is working during exercise. The scale ranges
from 6 (no exertion) to 20 (maximal exertion). When prompted, please report the number that

best reflects your overall effort at that moment.”

Thermal Sensation (TS)
“This scale measures how hot or cold you feel. The scale ranges from —4 (very cold) to +4 (very
hot), with 0 representing neutral. When prompted, please report the number that best reflects

how you feel at that moment.”

Respiratory Comfort (RC)
“This scale measures how comfortable your breathing feels. The scale ranges from 0 (no
discomfort) to 10 (maximal discomfort). When prompted, please report the number that best

reflects your breathing comfort at that moment.”

Participants provided ratings at 0, 5, 10, and 15 minutes during the time trial, and responses were

recorded by the researcher.
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Figure H1

Borg’s Original RPE Scale

9 Very light exertion (comfortable)
10 Just start to hear breathing
11 Conversation is easy

12 Light exertion

Note. Rating of perceived exertion was assessed using Borg’s Original RPE Scale, a valid and

reliable measure of perceived exercise intensity (Borg, 1982; Cabral et al., 2020).
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Figure H2

ASHRAE Thermal Sensation Scale

Index | Thermal sensation
4 very hot
3 hot
2 warm
1 slightly warm
0 neutral
-1 slightly cool
-2 cool
-3 cold
-4 very cold

Note. Thermal sensation was assessed using the ASHRAE 9-point scale, a validated measure of

perceptual thermal response during exercise (Zhang et al., 2004).



Figure H3

Modified Borg Dyspnea Scale

MODIFIED DYSPHNEA SCALE

Note. Respiratory comfort was assessed using the Modified Borg Dyspnea Scale, a valid and

reliable measure of perceived breathlessness (Borg, 1982; Mahler & Horowitz, 1994). Lower

ratings indicate greater perceived respiratory comfort.
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Appendix I: Session Setup Image

Figure I1

Familiarization and Time-Trial Session Setup

Note. The photograph shows the standardized cycle-ergometer setup used during the
familiarization and experimental sessions, including the perceptual rating scales positioned

within the participant’s view.





