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ABSTRACT

This thesis consists of five studies with additional unpublished results where the aim was to
examine the effects of caffeine (CAF) ingestion on factors considered determining for endurance
sport performance and fatigue. In total 65 male sub-elite and elite endurance athletes volunteered
to participate, with twelve subjects participating in more than one study. All subjects included
were trained endurance athletes with a \O2max in the range of 67.2 to 90.5 (mL-kg*-min‘%). All
studies included in the dissertation were performed in a randomized, double-blind, placebo-
controlled, crossover design at the Norwegian School of Sports Sciences in the Department of
Physical Performance, between 2012 and 2016.

Results from the five studies demonstrate that CAF ingestion of 3-6 mg-kg* is an effective
stimulant for improving endurance performance. Improvements were greater during time until
voluntary exhaustion (~8-20%) trials compared to time trial (TT) testing (~1-5%). Independent of
mode, approximately 75% of test subjects improved their performance following CAF ingestion.
The studies in this thesis suggest that CAF has a wide range of potential effects on several
physiological and psychological mechanisms important for endurance performance. Results
displaying improvements following CAF ingestion are closely related to CAF’s hypoalgesic
effects in reducing rate of perceived exertion and pain, consequently allowing subjects to
maintain higher exercise intensity with similar exertion. Novel findings in the thesis were that
CAF ingestion increased aerobic power (VOzmax), fractional utilization of VOzmax, anaerobic
power (O2-deficit) and counter movement jumping heights, but led to no change in work

efficiency, pacing strategy or substrate utilization.

The conclusion of the thesis is that CAF is an efficient ergogenic aid for improving endurance
performance independent of mode (time until voluntary exhaustion vs TT), duration (10-120min),
muscular usage (double poling vs running), or geographical condition (sea level vs altitude) in
top athletes.



SAMMENDRAG

Denne doktoravhandlingen bestar av fem studier hvor hovedmalet var & studere hvordan
koffeininntak péavirker fysiologiske og psykologiske egenskaper en vet er av stor betydning for
hgy utholdenhetsprestasjon. Totalt deltok 65 mannlige, utholdenhetstrente forsgkspersoner, og av
disse deltok 12 personer i mer enn ett studie. Alle forsgkspersonene var pa sub- eller eliteniva i
sin utholdenhetsidrett og hadde en \VO2max mellom 67.2 til 90.5 (mL-kg™-min™). Studiene i
avhandlingen ble gjennomfart pa en randomized, double-blind, placebo-controlled, crossover
design pé Norges Idrettshgyskole ved seksjon for fysisk prestasjonsevne mellom 2012 og 2016.
Samlet viser resultatene fra avhandlingen at et koffeininntak pa 3-6 mg-kg gir god effekt i &
bedre utholdenhet. Forbedringen var stgrre under tid til utmattelse (~8-20%) enn nar bestemte
distanse/testlagp (~1-5%) ble gjennomfarte (time trial). Uavhengig av koffeininntak og studie

design forbedret omtrent 75 % av forsgkspersonene fysiskprestasjonsevne.

Resultatene fra avhandlingen viser at koffein pavirker flere fysiologiske og psykologiske
egenskaper som er av stor betydning for hgy utholdenhetsprestasjon. Spesielt virker effekten av
koffein & ha betydning for a redusere opplevelsen av smerte og anstrengelse under aktiviteten.
Forsgkspersonene klarte samtidig & vedlikeholde en hayere intensitet og varighet pa
prestasjonstestene. Videre er gkningen i aerob kapasitet ( VOzmax 0g utnyttelse av denne), anaerob
kapasitet (akkumulert oksygen underskudd), samt gkningen av counter movement hopphgyde,
nye resultat innen forskningsomradet. Forbedringen av disse fysiologiske egenskapene virker &
veere viktige for & kunne forklare koffeinens prestasjonsfremmende effekt. Resultatene viser
derimot at koffeininntaket hverken pavirket arbeidsgkonomi, paceing strategi eller energisubstrat

bruk under testene.

Konklusjonen pa bakgrunn av resultatene i doktoravhandlingen er at koffein virker & veere et
effektivt middel for & heve utholdenhetsprestasjonen. Resultatene er uavhengig av type
prestasjonstest (tid til utmattelse eller en time trial), varighet (10-120 min), muskulatur benyttet
(armer vs. bein) eller om testen er gjennomfart ved havniva eller i hgyden for sub- og elite

idrettsutgvere.
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1. INTRODUCTION AND RATIONALE FOR THE THESIS

1.1 History of Caffeine

Caffeine (CAF) is reported to have been consumed by humans since the Stone Age in certain
areas of the world by chewing the seeds, bark, or leaves of plants containing CAF to ease fatigue,
stimulate awareness, and elevate mood (58). According to Chinese legend the famous Chinese
emperor and herbalist Shennong discovered tea by accident, making tea (cha), and CAF intake
common in China from around 3000 BC (62). However, the earliest credible evidence of CAF
consumption, and knowledge of the coffee tree, is from the middle of the fifteenth century, in the
Sufi monasteries of Yemen in southern Arabia (12). From Mocha in Yemen, coffee spread to
Egypt and North Africa, and by the 16th century, it had reached the rest of the Middle East,
Persia, Turkey, Italy and then later the rest of Europe, where it became a popular drink in the
southern regions (12). Since it became recognized that coffee contains stimulant compounds,
firstly coffee itself and later CAF in its chemical form have been subject to some forms of
regulation (31, 44, 172). The chemical substance CAF (CsH10N4O2) was isolated from coffee in
1820 by the German chemist, Friedlieb Ferdinand Runge, and is a bitter, white, crystalline
xanthine alkaloid (50).

Table 1.1: CAF levels in drinks and foods available in regular grocery stores in Norway, and typically found in grocery stores around the world.

Numbers of servings for an

Product Serving (ml) Caffeine 80 kg person to obtain
(mg) 3mg 6 mg 9 mg

Coffee 250 (1 cup) 60 (12-169)* 4 cups 8 cups 12 cups
Tea 250 (1 cup) 27 (9-51)* 9 cups 18 cups 27 cups
Hot chocolate 250 (1 cup) 5-10 24 cups 48 cups 72 cups
Coca Cola 500 (1 bottle) 537 2250 mi 4500 ml 6750 ml
Red Bull energy drink 250 (1 cane) 807 3 cans 6 cans 9 cans
Ice coffee 250 (1 bottle) 50 (15-100)* 5 bottles 10 bottles 15 bottles
Dark chocolate bar 60 g (1 bar) 25 (10-50)* 600 g 1200 g 1800 g

* Depending on brand and how the item is made, levels of CAF vary.

FAmount in Norway

In 2009 the global consumption of CAF was estimated at ~120,000 tons per year, with
consumption of 150 million bags (each bag containing 60 kg) of coffee beans in 2015. This

makes CAF one of the world's most widely consumed products, with about 90% of the adult

11


http://en.wikipedia.org/wiki/Stone_Age

western population consuming CAF on a daily basis by ingestion of products such as coffee, tea,
Red Bull, Coca Cola or other caffeinated ‘energy’ drinks (161). These products are primarily
consumed for taste and enjoyment, but they are also consumed by athletes, students and workers

solely to improve awareness, performance and/or working capacity (160, 161).

1.2 Caffeine and scientific research
The immense popularity of CAF has prompted decades of investigations into its ergogenic
potential in exercise performance, dating back as far as the 1900s (148). One of the first scientific
studies, by Rivers and Webber in 1907, showed that an oral ingestion of 300 mg CAF increased
two test subjects’ ability to perform biceps curls with a 4.5 kg weight until exhaustion (148).
Later, in the 1970s and 1980s, the Costill laboratory focused on CAF as a way to increase
performance in aerobic sports events. The classic study by Costill et al. (1978) found that nine
cyclists improved their capacity to cycle until exhaustion at 80% of VOzmax after ingesting 300mg
of CAF (35). Since then, cycling studies by Graham (86-89) and Spriet (32, 88, 158) have given
further support to these results and provided further insight into the mechanisms underlying
CAF’s ergogenic potential. Today the positive effects of ingesting appropriate quantities (approx.
3-6 mg - kg* bodyweight) of CAF on exercise performance are well documented (4, 24, 75, 83,
161). Furthermore, results show that independent of the type of exercise activity (e.g. cycling,
running or rowing), CAF can improve exercise performance in both short duration activities
(where anaerobic power is of primary importance) (7, 42), and prolonged duration sports (where
aerobic processes mainly determine performance) (24, 83). Likewise, CAF has been shown to be
beneficial regardless of whether performance is measured as time to exhaustion (84, 99), or time
to complete a set amount of work during time trial (TT) testing (47, 100). Therefore, CAF
appears to be an effective stimulant for optimizing athletic performance and endurance capacity
during both TTs and time to voluntary exhaustion as illustrated in Appendices | and I1, with

studies reporting improved performance following CAF ingestion (24, 42, 83).

1.3 Caffeine, endurance, fatigue and athletic performance
Determining factors for endurance capacity and athletic performance have been widely discussed
and debated by exercise physiologists during the last decade (6, 48, 135, 177). The complexity

involved in determining CAF’s mechanisms of action has led to a plethora of research
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investigations on human endurance potential, which have shown that several factors are
important in maintaining high performance (1, 33, 107). Despite the development of exhaustion
and fatigue being a complex phenomenon, exhaustion represents the inability to sustain further
exercise at a required power or workload (72, 125). Endurance can therefore be defined as
muscles’ ability to resist fatigue, and maintain a given force for a prolonged period of time (6).
Understandably, endurance athletes have always searched for ways to boost energy production
and performance. A clear example of this in international sports competitions is the use of blood
doping (101, 102). The effectiveness of blood doping is based on the fact that human endurance
performance is characterized by one simple requirement; the necessity to sustain repeated muscle
contraction. Endurance performance is therefore directly limited by the human body's capacity to
produce and effectively use our primary energy unit, adenosine trisphosphate (ATP). An athlete's
maximal ATP turnover, as illustrated in Figure 1.1, will therefore essentially determine both TT
and time to voluntary exhaustion performance. To improve TT or time to voluntary exhaustion
performances post CAF ingestion would require a higher production or more effective usage of
ATP as illustrated in the model proposed by di Prampero (1, 6). Di Prampero’s model has been
shown to be a good model for explaining endurance performance since energy is required
independent of activity and duration, and energy cannot be created or destroyed, only changed
from one form to another (56). This means that increased work output or duration post CAF
ingestion would require an increased energy provision by increasing VOzmax (1.5.1), fractional
utilization of VOzmax (1.5.2), or accumulated O-deficit (1.5.3), unless the energy produced is
used more efficiently by improving work economy (1.5.4) (5, 6, 48). However, many studies
have also found that an athlete's ability to pace (1.4.2), push and sustain high levels of pain
(1.4.1) during endurance exercise can have a major effect on performance outcome, thus
affecting the parameters of the di Prampero model (25, 65, 66, 132). These factors could
therefore be important from an applied sports perspective if we are to better understand the

mechanisms of CAF’s ergogenic potential.
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Time Trial | | Time until voluntary exhaustion

| Pacing Strategy |
______ —_——— e ——
—_——— A ——p = ——p | Motivation, Pain, RPE |

'_Aerabi: power + Anaerobic Power + Fractional utilization of VO, ., |
Work Economy 1

Figure 1.1: A simplified model illustrating the interaction of determining factors for endurance performance. The figure is based on the model by
di Prampero (1, 6) with some modifications, and will be used as a framework in this thesis for explaining CAF s effect on endurance performance
in athletes.

1.4 Caffeine and mechanisms of action

The physical and psychological changes following CAF ingestion seem to be related to the
unique molecular structure of CAF, allowing its passage through all biological membranes in the
human body (70). Initially, a glycogen-sparing theory was proposed by Costill and colleagues in
1978, since improved performance following CAF ingestion was associated with increased
concentrations of free fatty acids (FFA), adrenaline and lower RER values during prolonged
submaximal cycling until exhaustion (35, 99). Since elite runners maintain intensities of ~80% of
VO2max during half-marathon and marathon competitions, a sparing of glycogen following CAF
ingestion during such activities would improve performance by avoiding glycogen depletion and
maintaining a larger fractional utilization of VOzmax (1, 33, 107). However, several studies have
failed to observe an increase of glycogen content in muscles, or of RER-values post CAF
ingestion during prolonged exercise, despite increases in FFA and adrenaline (83, 84, 84, 86).
Furthermore, this hypothesis could not explain improved performance of short duration, where
anaerobic power is important and glycogen content is not likely to be a limiting factor for
maximal ATP turnover. A number of studies have observed that CAF ingestion can reduce the
rate of perceived exertion (RPE) and muscular pain while subjects perform the same relative
workload (54, 127). The reduction of RPE and pain is believed to be associated with CAF’s
ability to inhibit adenosine receptors throughout the body (70, 182). A reduction in RPE and pain
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following CAF ingestion could explain the improved exercise intensity and duration during
exercise tasks of both short and long duration.

Because of the observed variation in performance improvements post CAF ingestion,
several studies have investigated CAF and dose response relationships. Based on the available
literature, optimal levels of CAF ingestion are highly individual (47, 83, 157), but seem to occur
with dosages of 3-6 mg - kg body wt™* (47, 83). Higher dosages (9-12 mg - kg body wt™*) do not
seem to result in additional improvements, but rather lead to stronger side effects such as
headaches or nausea (4, 139). Oral ingestion of a concentrated CAF dosage between 3-6 mg - kg
body wt? would typically result in a peak plasma CAF concentration of ~20-50 umol/L,
approximately 45 min post ingestion (83). These plasma CAF concentrations would significantly
inhibit adenosine receptors in the human body, resulting in reduced neural signals related to
perception of pain and effort (RPE) during exercise (67, 70, 162, 181).

1.4.1 Caffeine, Pain and RPE

During exercise, RPE and pain perception involve the collective integration of afferent feedback
from cardiorespiratory, metabolic, and feed-forward mechanisms enabling individuals to evaluate
how hard or easy an exercise task feels at any point in time (60). There is a strong correlation
between RPE and pain and increased work intensity (61, 151). A reduction in pain and RPE
following CAF ingestion would therefore in most situations be beneficial for improved exercise
performance (60). The importance of being able to tolerate high levels of pain and RPE in
endurance performance is clear from several studies in the area (25, 132), and is illustrated by the
observation of pain relievers improving endurance performance by reducing self-felt pain and
RPE during exercise (119, 127, 166). Because of similar responses during exercise after CAF
ingestion, CAF is today found in combination with several popular pain relievers, such as
paracetamol, ibuprofen and aspirin, making them more effective (25, 141). Furthermore, RPE and
pain have been demonstrated to be remarkably good psychophysiological indicators, not only to
predict exercise capacity, but also to explain changes in pace and pacing strategy during

endurance performance tasks (60).
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1.4.2 Caffeine and Pacing Strategy
An optimal pacing strategy can be described as the most efficient use of physiological resources
during athletic competition, and is crucial for optimal athletic performance (65, 66, 169). Optimal
pacing appears to depend on many factors, including the length of the exercise task, the exercise
performed, ambient temperature and altitude (169). The concept was first systematically studied
in 1958, when researchers concluded that the best way to run a middle distance event was to
delay the maximum effort until as late in the run as possible (149). Studies manipulating pacing
by forcing athletes to start faster or slower than their best performances have found best
performances occur with a faster start in short events (less than 80 sec) and sports where resistive
drag forces are low (Fig. 1.2) (169). In contrast, during prolonged exercise (3 min or more)
optimal performance is observed with an even or negative pacing strategy, characterized by
increasing power output (velocity) at the end of the event as shown in Figure 1.2 (65, 169).
Athletes generally learn optimal pacing strategies in training and competitions (132, 159). Top
athletes are therefore generally extremely good at pacing themselves based on interpretations of
feedback from pulmonary, cardiovascular and skeletal system responses during exercise (65, 159,
169). It is therefore a question of whether the reduction of RPE and pain following CAF ingestion
for athletes is beneficial for performance outcomes in all situations. Critically low muscle pH,
HCOs and high blood LA- values at early or inappropriate times during a race have in many
circumstances been associated with a reduction in velocity (64, 65). An increased starting
velocity during the early stages of a TT following CAF consumption could increase blood LA-,
reduce blood HCOs™ and pH (106). Early and increased intracellular perturbations would also
probably lead to unfavorable conditions in skeletal muscles for high performance, which could,
among other things, reduce athletes’ fraction utilization of VVOzmax during exercise (106).
Unfortunately, very few studies have discussed CAF's effect on pacing strategy, despite
the enormous amount of research on endurance performance. In addition, an inhibition of A1 and
Aza adenosine receptors would have a much broader effect upon factors and mechanisms
considered limiting and important for high endurance performance than would pacing or
reduction of pain and RPE (8, 182).
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Figure 1.2: Pacing strategy used to set running world records, from Tucker et al. (169). The interval numbers for the long distances (5000m and
10 000m) are divided per 1000m, while the shorter events ( 800m and mile) are divided per 400m of running.

1.5 Caffeine and energy production
Despite the immense research in the area, surprisingly few studies have actually measured or
reported several important determining factors for energy and power production during
endurance performance that could verify whether CAF ingestion can improve maximal ATP
turnover. These factors include VOzmax, accumulated O,-deficit, fraction utilization of VOzmax,
and work economy (O2-cost). Certainly, a reduction in RPE and pain alone could not explain
higher velocity or duration post CAF consumption, since increased work output and duration
would require an increased production or more efficient usage of energy (ATP) (1, 6).
Increased HR (23, 47, 100), ventilation (28-30, 40, 103, 144), and blood lactate
accumulation (9, 10, 74, 85) are three of the most consistent observations associated with
improved TT performances post CAF ingestion, and only rarely have increases in these values
not been observed when measured (83). Moreover, the increase in HR is consequently typically
associated with increased work intensity (Appendix 1) (3, 21, 23, 47, 78, 80, 100, 140, 142).

Likewise, the few studies measuring Vo, during TTs have found the increase in HR, Ve and
velocity to be associated with subjects consuming larger amounts of oxygen, but unfortunately

most studies do not measure or discuss these parameters (41, 57, 63, 80, 85, 158). The increases

in HR, VE, VO, and blood lactate accumulation (LA-) suggest that CAF ingestion may increase
aerobic and anaerobic processes for the production of energy (ATP).
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151 Aerobic power (VOzma)

By the beginning of the 20" century, exercise physiologists believed delivery of oxygen was the
single most crucial factor for predicting and understanding all endurance performance and
aerobic muscle work (171). Since then, the highest rate at which oxygen can be taken up and used
by the human body during severe exercise has been termed the maximal oxygen uptake

(VO2max) (6). The term is based on the scientific work of Hill, Lupton and colleagues from 1923-
1924 (93, 94), and the principle known as the plateau was introduced and established as a result
of experiments by Taylor and colleagues in 1955 (163). The plateau phenomenon is founded on
the principle that VO, increases linearly with increased workload (O2-cost), to a point where no
further increase is observed, despite a larger O.-demand due to increased workload (163, 164).
Although limiting factors and test protocols for reaching VOzmax in humans have been highly
controversial and much discussed since the introduction of the concept in the 1920s (133, 134,
177), there is however today a broad agreement that VOamax is an important factor for predicting
endurance sport performance (5, 6, 11, 37, 49), representing the integrated capacity of
pulmonary, cardiovascular (central) and skeletal muscle (peripheral) systems to uptake, transport
and use O2 (6, 43, 112, 143). Unfortunately, to date no studies have thoroughly investigated the
potential of CAF to increase VVOzmax despite studies reporting increased VO, associated with both

increased HR, VE, adrenaline and velocity during TT performances (57, 63, 85, 158).

152 Fractional utilization of VOazmax
Despite VO2max seeming to be the main factor for predicting endurance performance in several

sports, the fraction utilization of VO2max a subject can sustain during competition has been shown
during prolonged exercise to have a large impact on performance outcome (33, 36, 39, 104, 120).
The anaerobic threshold (AT) is closely related to the fraction utilization of \Ozmax during
prolonged endurance exercise (=15 min) (104, 106). The AT describes an estimation of the
intensity at which the blood concentration of LA- begins to exponentially increase during
exercise (82). The increase in LA- concentration in the blood during high exercise intensities is
due to increased muscle glycolysis. However, if the intensity is reduced below AT, accumulated
LA- will be converted back into glucose by the liver (82, 121). Numerous ways exist to

determine AT, resulting in diverse “thresholds" for LA- vs. power output, but all seem to
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correlate well with prolonged exercise performances (167). It has been highlighted that peripheral
limitations for aerobic power, in addition to athletes’ ability to withstand increasing pain and
substrate utilization, are important physiological parameters for explaining differences in fraction
utilization of VO2zmax between athletes (5, 6, 107, 122). However, the effect of CAF ingestion on
athletes' fraction utilization of VOamax has rarely been a topic of discussion, despite its potential to

improve both power output and performance during caffeine TTs (57, 63, 85, 158).

1.5.3 Anaerobic power — Accumulated oxygen deficit

The most accurate way of estimating maximal anaerobic power or capacity is the accumulated
oxygen deficit (O2-deficit) (123, 136, 146). The O-deficit is calculated based on the difference
between the amount of Oz consumed and the O-cost to maintain a given workload as described
in the classic study by Medbo et al (123). Anaerobic capacity is firstly of high importance during
competitions with durations between >120 seconds. During exercise above or close to an
athlete’s VOamax, O2-deficit is also shown as an important determinant for high performance (123,
136, 146). However, several studies have found that metabolic acidosis is also an important
contributing factor to fatigue during prolonged high-intensity exercise (105, 128). A high O»-
deficit has, among other factors, been shown to be important for performance during a 5000 m
event (179), because the build-up of a large O»-deficit in the early stages of exercise sets the
biochemical environment within the muscle cells (121). Several pacing strategy studies have
shown that early perturbations during endurance performance can directly dictate subsequent
muscle metabolic responses, and therefore have a large impact on performance later in the event,
(65, 169). Furthermore, in modern endurance sports, athletes may not finish competitions in the
shortest time possible. This is for example the case in most mass start races, where the decisive
factor for results is a sprint towards the end (22). This was clearly illustrated in the 2016
Olympics during both the 5000m and 10000m event where the winner’s (Mo Farah) finishing
laps were performed at 52.83 and 53.48 seconds, consequently being 33.8% and 34.8% faster
than the average time taken per lap over the whole distance. Therefore, sustained energy
provision via aerobic processes is required to maintain muscle contraction during competitions of
longer durations. An improved O-deficit following CAF ingestion, consequently improving
maximal ATP turnover, could therefore be of great importance during prolonged mass starts and

TTs, as well as during short-term, high intensity exercise.
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1.5.4 Work Economy — O2-Cost

VO2max, fraction utilization of VO2max and O-deficit together decide the highest power output or
highest maximal ATP turnover during endurance exercise and testing (6). However, several
studies have found that in endurance sports, work economy is an important and decisive factor in
determining performance outcomes (111, 154). In exercise science, work economy defines the
ratio between external mechanical work done and oxygen consumed during steady state exercise
(6). In other words, a high work economy means an athlete has a small O2-cost for a given
workload. During submaximal steady state exercise there is a linear relationship between velocity
and oxygen uptake, and the ratio between these factors describes the work economy for a subject
in that specific activity (6). However, since work economy is closely related to technique,
subjects can display different work economies during different activities (106). Well-trained
athletes with higher percentages of type I fibers are reported to maintain a higher power
compared to subjects with a smaller amount of type 1 fibers, despite athletes displaying a similar
VO2max and AT (97). It is therefore suggested that elite endurance athletes with a low VOzmax
compensate for this by exceptional work economy (38, 116). A few studies have found work
economy to be affected following CAF ingestion (83). However, it has recently been suggested
that augmented strength and motor-unit recruitment, rather than a sparing of glycogen or
reduction in perceived pain and effort, may underlie CAF’s ergogenic effect on endurance
exercise (16, 83, 175). Several studies have found that CAF ingestion can promote and increase
power production (7, 16, 175). Specifically, CAF ingestion has been found to improve maximal
voluntary contraction (MVC) as well as counter movement jumping (CMJ) height (16, 18, 83,
114), and it is reported that increased power (e.g. by strength training) can improve work
efficiency and also reduce RPE during exercise (90, 124, 137, 175). Improved strength following
CAF ingestion could therefore very well reduce the subjective rating of RPE and improve work
efficiency, postponing the development of fatigue, and consequently improving exercise

performance.

1.6 Caffeine and athletic performance
The use of CAF by athletes is mainly driven by its reported ability to improve exercise

performance. From a sport performance perspective, CAF is also unregulated and legal to buy
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and use in nearly all jurisdictions, in most countries of the world (2, 115). In fact, the substance
has been widely used by endurance athletes in competitions since its removal from the World
Anti-Doping Agency list in 2004 (44, 160). As illustrated in Figure 1.1, endurance performance
is complex. Several factors are inter-correlated with each other, affecting the maximal ATP
turnover. Training status and amount of active muscle mass engaged, in addition to where it is
located (arm vs. legs) can have a major impact on the pulmonary, cardiovascular and skeletal
muscle responses to exercise and on athletes’ aerobic and anaerobic power (6, 26, 49, 145, 170).
However, there are to date insufficient studies that have specifically investigated the effects of
CAF ingestion on endurance capacity for top trained athletes with high VOzmax values (from 70 to
90 ml - kg min) (24). The reasons for the lack of research on this specific group of athletes
and humans are many, but probably related to the time athletes would have to contribute to
conduct quality experimental studies. It could be argued that for this group of humans, CAF in
most circumstances most likely would be an efficient ergogenic aid in reducing RPE and self-felt
pain consequently improving exercise performance. Conversely, one could expect top athletes to
be extremely good at pushing themselves and to cope with high RPE and pain during

competitions, in relation to their optimal pacing strategies for overall performance (64-66, 168,

169). Furthermore, the overall lack of results measuring underlying mechanisms such as VO,-
consumption, accumulated O»-deficit, work economy (O2-cost) and pacing strategy is needed to
better understand how higher work output or duration is maintained after a reduction in RPE and

pain following CAF ingestion for explaining endurance performance improvements.
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2. AIMS OF THE THESIS

The overall aim of the present thesis was to investigate physiological mechanisms ( VOzmax,

accumulated O,-deficit, fraction utilization of VOamax, Work economy), and psychological factors
(pain, RPE, pacing strategy) by which CAF could improve endurance performance in top

endurance athletes. Five studies were conducted in order to address the aim of the thesis.

Paper I - The aim of the study was to investigate the effects of CAF ingestion on performance
during a DP 8 km TT. Sub-aims were to evaluate the effects of CAF ingestion on HR, lactate,

work economy, RPE/pain and substrate utilization at various exercise intensities.

Paper 11 - The aim of the study was to investigate the effects of CAF ingestion on DP
performance, fractional utilization of VOzmax, HR, lactate, pacing strategy, pain, RPE, work
economy and muscular damage in athletes undertaking a DP TT performance on two consecutive

days.

Paper 111 - The aim of the study was to investigate the effects of CAF ingestion on DP
performance during acute exposure to hypoxia (altitude 2000m). It was important to investigate

how CAF affected important factors for high endurance performance, including fractional

utilization of VOzmax, HR, lactate, pacing strategy, RPE, pain, Ve, blood HCOs", and pH when

subjects performed both TT and time until task failure (time until exhaustion) tests.

Paper 1V - The aim of the study was to investigate the effects of CAF ingestion on performance,

VO2max, 0Xygen deficit and work economy while running.

Paper V - The aim of the study was to investigate the effects of CAF ingestion during a

prolonged running exercise until voluntary exhaustion at 80% of VO2zmax. The study also aimed to
see how CAF ingestion affected running work economy, HR, substrate utilization, RPE, pain, and

muscular power (CMJ).
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3. METHODS

Detailed information for the individual studies is provided in the published papers section.

General information about the five studies is given in the following sections.

3.1 Subjects

In total 65 male elite endurance athletes volunteered to participate in the five studies. Twelve of
the subjects participated in more than one study. The characteristics of the subjects are
summarized in Table 6.1. All studies were conducted according to the Declaration of Helsinki
and sent for approval and reviewed by the Regional Ethics Committee (Norway) before the initial
trials commenced. The first two studies were approved by the Regional Ethics Committee, while
for study three, four and five the Regional Ethics Committee concluded "an approval was not
needed in order to performed the study as described"”. Before participation all subjects gave their
written consent to participate after being informed of the purposes of each study, and the risks
involved. Inclusion criteria for all studies were that subjects should be: Male; VOzmax -run above
65 mL-kg!-min; and training seriously and competing in the Norwegian national cross-country
skiing cup or similar endurance competitions for running, track and field or orienteering in the
upcoming season. The training time per year varied from 500-900 hours between athletes. Their
VO2max While running ( VOzmax -un) Varied from 67.2 to 90.5 mL-kg*-min, and their VOmax
while DP (VOzmax -pol) from 56.8 to 86.6 mL-kg™-min™. Of the subjects included in the test
period 2012-2015:

Four subjects won medals in their specific Norwegian National Championships
Three subjects competed regularly on the World Cup stage in Cross Country skiing

Two subjects won the under 23 years World Championships in their specific sport

YV V V V

75% of all test subjects had a top 30 ranking in the national championship in their specific endurance sport
during the test period (2012-2016).
> 25% of included subjects had a Vo.max higher than 80 mL-kg™L-min'!

*Specific information for each study is summarized in Table 3.1.

Before all experimental trials (48h) subjects were instructed to perform light training (and no
strength training), and to prepare as they would do before a competition. To minimize variation in

pre-exercise glycogen stores, diet and exercise diaries were used to standardize food intake and
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training for each subject. Test subjects were instructed to try to follow the same training and diet

regimen before all tests, and a standardized washout period was observed before each

performance test. Subjects also had to refrain from CAF consumption during the 24 h period

before each test. Based on baseline plasma CAF concentrations, instructions were followed by all

subjects in the studies. For each main test, subjects arrived at the laboratory at the same time (£

15 min) and on the same day of the week.

Table 3.1: Subjects’ characteristics for Studies I-V

Study n Age Height Body mass \./OZmaxrrun VOZmax,pu.
(yrs.) (cm) (kg) (mL-kg™*-min') (mL-kg*-min)
1 10 20.0+1.0 181.0+1.0 73.9+2.3 69.3+1.0 63.2+15
1 8 20.0£1.0 180.4+1.7 70.6+2.9 78.5+1.6 70.5+1.6
1 13 21.9+2.7 180.0+3.7 77.445.6 72.645.7 62.9+6.8
v 23 24.0+1.0 182.1+1.3 73.5+1.6 75.9+5.8
Y 11 23.9+2.8 181.9+3.0 76.6+7.1 71.0£5.6
3.2 Study design

All studies in the dissertation were performed using a randomized, double-blind, placebo-

controlled, crossover design. Specific designs for each study are provided below. All testing was

carried out at the Norwegian School of Sports Sciences (120 m altitude), in the Department of

Physical Performance. Testing was performed from 2012-2015. Tests were performed during

athletes’ preparation period (April-October). In total, there were two dropouts during the five

studies, one each in studies 111 and 1V, both due to sickness. Few side effects after CAF ingestion

where registered during testing. One subject reported cramps during the last period of the DP

performance test in study I, and one subject reported nausea post testing in study V.

Questionnaires post testing for all five studies revealed most subjects were unable to recognise
the difference between consuming CAF and placebo (PLA) prior to the different tests (Table 4.7).

Approximately 25% of subjects participating in each study were able to detect or guessed when

they had consumed CAF/PLA. However, approx. 25% of subjects also guessed/reported the

"wrong answer", meaning stating they had consumed CAF/PLA when they had received the

opposite treatment.
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Study |

The aim of the study was to investigate the effects of CAF ingestion on performance during
peripheral limitations, such as double poling while using the arm muscles. Ten highly trained
male cross-country skiers (VOzmax running, 69.3+1.0 ml-kg*-min!) performed an 8 km time trial
performance following PLA or CAF ingestion. Performance was assessed as time to complete the
TT. Prior to the VO2max performance testing a standardized incremental test (warm-up) was

completed at set submaximal workloads to evaluate possible changes in DP work efficiency.

During both incremental and performance testing HR, VOz, Time, LA-, glucose, RPE, VE, RER,
plasma CAF, glycerol, FFA and adrenaline concentrations were evaluated. All testing was
performed on a DP ergometer (Thoraxtrainer, Holbak, Denmark). CAF (6 mg-kg?) or PLA was

ingested 75 min before the time trial performance test.

A
1 | | | 1 1 |
VO2maxrun  DP training  VO2max-pol Pretest| Pretestll C-PTI C-PTII
B
o o L] L] L] L] L] L] L]
CAF
ii“ 8km C-PT
5 min min | §5 min | |5 min 30-35 min
I 40% | |50 %| | 60% | | 70 %
LI | 1 1 LI

Start: warm-up 5min
(incremental) break

Figure 3.1: Experimental design of the 8 km cross country double poling test. (A) Shows tests and training performed during the 6-week period to
prepare for the two performance tests in double poling (CP-T). (B) Shows the test procedure for the performance tests. Prior to the CP-T, subjects
performed an incremental test consisting of four intensities for 5 minutes. Similar protocol to the CP-T was completed at Pretest-1 and Pretest-2,

except that caffeine/placebo was not administered and no blood samples were taken. Abbreviations: Vozmax_,un, Training in thorax trainer, \'/OZ,W_
pol, Pre-test I, Pre-test 11, C-PT I and C-PT 11

Study 11
The aim of the study was to evaluate the effects of CAF ingestion (4.5 mg-kg™) on performance,

muscular damage and work economy when competing on consecutive days. Eight highly trained

male cross-country skiers ( VOzmax-run 78.5+1.6 ml-kg-min!) participated in the study.
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Performance was assessed as distance covered during a 10-min all-out C-PT. Prior to the
performance testing a standardized incremental test (warm-up) was completed at set submaximal

workloads to evaluate possible changes in DP work efficiency. During both incremental and

performance testing HR, VOz, time, LA-, glucose, RPE, muscular pain, VE, RER, plasma CAF,
adrenaline and creatine kinase concentrations were evaluated. All testing was performed on a DP
ergometer (Thoraxtrainer, Holbaek, Denmark), and oral CAF or PLA was ingested 75 min before
the all-out C-PT.

A
Week 1 2 3 4 5 6 7 8
I 1 1 1 I 1 | |
VO2maxrun  DP training  VO2max-pol Pretest| Pretestll C-PTI C-PTHI C-PTIN
B Standardized warm-up Performance test (C-PT)
Bload sampel
. . . — .
CAF 10 min all-out
PLA . 90-100%
* 5 mi % o
655
| |
U] 1 1
Time (min) S5 0 71 76 101 116

Start: warm-up 5min Day1
(incremental) break 10 min jogg
60% VO2max-run

Figure 3.2: Experimental design. Top line shows tests and training performed during the 8 weeks of familiarization for the three, 2-day
performance tests in double poling (CP-T). The bottom figure shows the test procedure for all performance tests. Prior to the C-PT, subjects
performed a standardized warm-up (incremental tests) consisting of four intensities all lasting 5 minutes. A similar protocol to the C-PT was
performed during pretests 1 and 2, except that caffeine/placebo was not administered, and no blood samples were taken.

Abbreviations: \I/Ozmax_m, Training in thorax trainer, VOZPeath Pre-test I, Pre-test Il, C-PT I, C-PT Il and C-PT IlI.

Study I

The aim of the study was to investigate the effects of CAF ingestion (4.5 mg-kg™*) on DP
performance, the pulmonary system and HR, when subjects were exposed to acute hypoxia (2000
m). Thirteen male sub-elite cross-country skiers (VO2zmax 72.6 + 5.68 mL-kg™-min) were
included. Testing was carried out in a hypobaric chamber, at 800 mBar, (P102~125 mmHg)
corresponding to ~2000 m above sea level. The first four weeks of the study were performed at
sea-level conditions (120 m altitude, ~960 mBar). The remaining five test weeks were carried out

during acute (2 h) hypoxia in a hypobaric chamber (Norsk Undervannsteknikk A/S, Haugesund,
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Norway). Performance was assessed using 1) an 8 km cross-country DP time-trial (C-PT), and 2)
time until task failure at a set workload equal to ~90% of DP \/Ozmax. Prior to the performance
testing a standardized incremental test (warm-up) was completed at set submaximal workloads to
evaluate possible changes in DP work efficiency. During both incremental and performance
testing HR, VOz, time, LA-, glucose, RPE, muscular pain, VE, RER, HCOs-, pH, plasma CAF,
and adrenaline concentrations were evaluated. All testing was performed on a DP ergometer
(Thoraxtrainer, Holbzk, Denmark), and oral CAF or PLA was ingested 75 min before the

performance tests.

A

SEA-LEVEL ALTITUDE
—— - -
WEEK 1 2 3 4 5 6 7 8 9
| ] ] ] | — — | l | ] | ]
I 1 1 1 1 I 1 ] 1 ] 1
VOnux RUN VOmnax DP 8KM CPT VOxuusDP 8 KM C-PT 90% C-PT
B STANDARIZED WARM-UP PERFORMANCE TEST
Blood sampel
L] L] . 8 km L]
CAF
o or
¢ i Smin 5 min 90% of
l IS I YOsmacpa |
I T 1 | 1
Time (min) 0 75 120 143 148 180

Start: warm-up 5 min
(incremental) break

Figure 3.3: Experimental design for all performance tests (C-PTs). Prior to the C-PTs, subjects performed a standardized warm-up (incremental
tests) consisting of four intensities of 5 min duration. A similar protocol to the C-PTs was completed in pretests, except that caffeine/placebo were

not administrated, and no blood samples were drawn.

Study 1V
The aim of the study was to test the effect of CAF (4.5 mg - kg™*) on maximal oxygen

consumption during a standardized VVOomax performance test. Twenty-three elite endurance
trained male athletes ( VOzmax -run 76.3+1.4 ml-kg-min!) participated in the study. Prior to the

VO2max performance testing a standardized incremental test (warm-up) was completed at set

submaximal workloads to evaluate possible changes in running work efficiency. Performance

was assessed as time, Oz-deficit and VOamax during the standardized VVOzmax performance test.

Oral CAF or PLA was ingested 45 min before a standardized warm-up protocol performed as an

incremental test. During both incremental and performance testing HR, VO3, time, LA-, glucose,
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RPE, Vg, RER and BF were evaluated. All testing was performed on a treadmill (Woodway,

Weil am Rein, Germany) with an uphill incline.

Week 1 2 3
| | ] ] l |
1 1 ¥ 1 ¥ 1
Pre-test Test 1(T1) ¥l E] T4
Standardized warm-up VO 0 -PEIfOrmance test

Messurement  CAF
of lungfuction  pia

+ v + - Smin | | Smin \ +
65 % 70% 75%
I 60% I
1 1
71

1 1 I 1
Time (min) -15 0 35 45 76 ~80-82 85

Start: warm-up 5min
(incremental) break

Figure 3.4: Experimental design. A: top line shows pre-tests and main testing during the 3 weeks used to complete the test for one subject. B:
bottom figure shows the test procedure for all Stadheim VOzmax performance tests. Prior to the tests, subjects performed a standardized warm-

up (incremental tests) consisting of four intensities all lasting 5 minutes.

Study V

The aim of the study was to evaluate the effects of CAF ingestion (4.5 mg-kg™) on prolonged
running performance, work efficiency, CMJ, substrate utilization and RPE during full-body
exercise. Eleven male sub-elite endurance athletes (\VOzmax 71.0 + 5.6 mL - kg™ - min™)
performed tests involving prolonged running at a work load/velocity equal to ~80% of VO2zmax
until task failure. The test was built up as an interval with sets lasting 20 min. Between each set
subjects performed counter movement jumps on a power platform. When starting the
performance tests subjects completed a standardized warm-up protocol lasting 8 min. The
standardized warm-up consisted of four, 2 -min workloads, equivalent to a velocity equal to ~60,

~65, ~70 and ~75% of subjects VOamax. During both incremental and performance testing HR,

VOz, time, La-, glucose, RPE, muscular pain, VE, RER, adrenaline and creatine kinase
concentrations were evaluated. All testing was performed on a treadmill (Woodway, Weil am
Rein, Germany) with an uphill incline of 5.3°, and oral CAF or PLA was ingested 75 min before
the all-out C-PT.

28



A

Week 1 Week 2 Week3
VO2max testing VO2max testing VO2max testing
B 1min 3 min 1 min 1min
break break break break ke
* ke * k

20 min
12 min 20 min 20 min 20 min 85% of

80% of 80% of 80% of 80% of
Oy VO V0, o VO,max

am

Sloodsample @ VO,

Arrival =150 min  -45min  -15 min Start O min 20 min 40 min 60 min 80 min >

Figure 3.5: Experimental design. Top panel (A) shows the tests and training performed during the 3 weeks of testing. The bottom panel (B) shows
the test procedure for all performance tests.

3.3 Familiarization

Despite all subjects participating in the three DP studies being highly trained cross-country skiers
who were very familiar with the DP technique, all subjects underwent a 3 to 4-week training
protocol to familiarize themselves with the double poling ergometer, as illustrated in Figure 3.6.
Furthermore, to ensure high reliability, and that there was no learning effect as a result of
repeated TTs or performance tests, at least one initial pre-performance test without
supplementation was performed before the main tests (Studies I-1V). Since the 8 km C-PT was
used twice during the test period, a pilot study was completed with four well-trained athletes
(VO2max -pol 57.5+2.2, running 62.1+2.5) who were all previous cross-country skiers. As
illustrated in Figure 3.6 a minimum of at least two pre-tests was needed to obtain satisfactory
reliability and reproducibility as an effect of repetitive testing. There was a clear learning,
technical and/or physiological adaptation between the first and second test that leveled off
between tests three and four. However, after the first pre-test CV, variations in the 8 km C-PT
were small (around 1~2%), and showed little variation from test to test after the familiarization

procedure.
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Figure 3.6: Double poling times during the 8 km C-PT for the pilot test group. Values are listed as means + SD * Significant different from next

test.

3.4 Test equipment used

Thorax Trainer — CC-POL (Studies I-111)

The cross-country double poling ergometer used in the studies was a Thoraxtrainer Elite
(Thoraxtrainer, Holbaek, Denmark). Ski poles used during all testing were Swix CT1 (Swix,
Lillehammer, Norway) and pole length was standardized to 85 + 2% of subject’s height. The ski
poles were attached to two sleds that moved independently and were connected to a flywheel that
provided resistance. A computer displayed work output (W), km - h%, and poling frequency in real
time. Resistance in the Thoraxtrainer is generated by air pressure. The Thoraxtrainer Elite was set
at level one (easiest) of ten available levels during all testing to optimize technique. For more
information about the DP technique and the Thoraxtrainer, see the studies by Bojsen-Moller et al.
(2010) and Van Hall et al. (2003).

Treadmill (Studies 1-V)
The treadmill used in all studies was a Woodway (Woodway, Weil am Rein, Germany). An uphill

incline of either 5.3° or 10.5° was used during all testing.

Counter movement jumps (CMJs) (Study V)

A force platform from Biomekanikk AS (Oslo, Norway),with a sandwich construction with one
Vetek VZ563YH-200 kg load cell (Hantverksvégen 15. 76493 VADDO, Sweden) in each corner
to calculate force, was used in study V. Calculation of CMJ heights was done using the impulse
method (113). The software (Biojump, Oslo, Norway) samples force data with a frequency of

2000 Hz, using a Butterworth low pass filter with a cut-off frequency of 120 Hz.
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HR monitor (Studies 1-V)
HR was measured during all tests using an HR monitor from Polar RS 800, (Finland). The error of

measurement was less than + 1 % as stated by the manufacturer.

Oxygen consumption (Studies I-V)
Oxygen consumption, ventilation, and RER were measured with the Oxycon Pro metabolic
system (Jaeger, Hochberg, Germany) for all studies except study 3 where a Vmaxeo (Sensormedics,

Yorba Linda, CA, USA) was used during testing in hypoxic conditions. The equipment for

measurement of VO, was calibrated prior to tests using gas mixtures with known concentrations
of O and CO2 (14.93% O and 5.99% CO2) and normal air (approximately 20.95% O and
0.039% COz). Volume was calibrated manually using a 3-liter pump (Calibration Syringe, Series
5530, Hans Rudolph Inc., MO, USA). During testing, subjects used a mouth V2 mask (Hans
Rudolph Inc., USA) in combination with a nose bracket. Expired air was sampled through a hose

into the mixing chamber (Oxycon Pro) and analyzed with a turbine (Triple V volume transducer).

Hypobaric chamber (Study I1)

In study 111 a hypobaric chamber (Norsk Undervannsteknikk A/S, Haugesund, Norway) was used
for simulating hypoxic conditions. Here air pressure was reduced to 800 mBar, equivalent to
~11.5 psi, or ~590 mmHg, simulating an altitude of ~2,000 m above sea level at 17°C. To ensure
maintenance of atmospheric gas concentrations (20.95% O and 0.039% CO3) during all trials,
concentrations were continuously measured for both fractional concentration of inspired CO»
(FICO2) with the Vaisala GMT222 Carbon Dioxide Transmitter (Vaisala, Stockholm,

Sweden) and fractional concentration of inspired Oz (FiO2) with the PMA30 M&C O analyzer
(Marseille, France). During the first two hours (rest) of acute altitude exposure, approx. ~1 I-min
! oxygen was added to maintain atmospheric gas concentrations of air. During physical activity
oxygen consumption increased, thus additional oxygen was added to maintain a stable FiO.. On
the basis of the pretests, approx. ~3 I-min! of extra oxygen was added to cover the enhanced
usage of oxygen during physical activity, but was adjusted (increased or reduced) according to
observed F02 values for each individual hypoxic trial. Three gas scrubbers containing Sofnolime

filters and circulating fans worked as COx traps to try to ensure a stable FiCO> concentration.
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However, during the later stages of the C-PTs (~5-10min), CO2 production from the subjects
exceeded the CO removal capacity of the three scrubbers. This resulted in an enhanced FiCO>
concentration of the air inside the chamber with post values of CO2 between 0.05~0.08%. Even
though COz2 concentration increased, it never exceeded 0.08%; these CO2 values are not
considered dangerous for subjects and are unlikely to influence test results. During rest and at sea
level testing FiCO2 concentrations were 0.04% as expected.

3.5 Blood samples

Blood samples were drawn from the subjects’ median cubital veins using a BD Vacutainer
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). A 7 ml blood sample was drawn
for all blood samples and placed in tubes containing EGTA/gluthatione [20 pl 0.2 M glutathione
and 0.2 M EGTA per ml blood] for analysis of adrenaline, noradrenaline, glycerol, FFA, creatine
kinase and/or FFA. Blood samples were immediately placed in ice water and centrifuged at 2,500
rpm for 10 min at 4 °C (Heraeus Megafuge 16R centrifuge, Thermo Electron, Osterode am Harz,
Germany). Thereafter, plasma was divided into three plasma aliquots (Microtube Superspin,
VWR International, West Chester, PA, USA) and stored at -80 °C until analysis.

Plasma measurements of caffeine

Plasma CAF concentrations following ingestion of different CAF dosages (3, 4.5 and 6 mg - kg™l)
were measured in studies 2, 3 and 5. Sample preparation was done using 200 pL plasma and the
subsequent measurements of caffeine and theophylline (internal standard; 1S) by liquid
chromatography mass spectrometry with electrospray ionization (LC-ESI-MSMS) were performed
according to a method previously described by Wang et al (173). In brief, 200 uL plasma was
added to 100 pL 18 pg/mL IS in MeOH-water (50:50, v/v) and 100 uL. MeOH-water (50:50, v/v).
After vortex mixing for 30 s, an aliquot (3 mL) of diethyl ether-dichloromethane (3:2, v/v) was
added and vortexed for 2 min, followed by centrifugation at 3,000 rpm for 10 min. The upper
organic layer was transferred to a 4 mL sample vial and evaporated to dryness at 40 °C under a
gentle stream of nitrogen. Residues were then dissolved in 600 pL of mobile phase followed by
vortex-mixing for 30 s. A 1 pL aliquot of the reconstituted solution was injected into the LC-ESI-
MSMS system.
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Glycerol and FFA

Glycerol and FFA were only measured in study Il. Glycerol was measured using a kit based on a
colorimetric method (Randox Laboratories Ltd; Antrim, UK) and concentration of non-esterified
fatty acids (FFA) was measured with a kit from DIALAB (Weiner Neudorf, Austria) according to

the manufacturer’s instructions.

Catecholamines
Plasma adrenaline and noradrenaline were measured with a Cat Combi Elisa kit (DRG Instruments

GmbH, Marburg, Germany) according to the manufacturer’s instructions.

Creatine Kinase
Plasma creatine kinase was measured according to the manufacturer’s instructions. Plasma creatine
kinase was measured using a Maxmat S.A (ZAC du Millenaire, Montpellier, France), and analysis

was done using the colorimetric enzymatic method-kinetic type (63).

Lactate, Bicarbonate (HCOs-) and Glucose

Capillary samples from the finger tips were obtained using a Saft-T-Pro Plus (Accu-Check,
Mannheim, Germany) for measurements of glucose, lactate and bicarbonate. For measurement of
blood lactate, capillary blood samples were drawn into a 50 pl capillary tube and a 20 pl pipette
was used to draw blood into the analyzer (YSI 1500 SPORT; Yellow Springs Instruments,
Yellow Springs, OH, USA). The analyzer was calibrated with a 5.0 mmol-I* lactate stock
solution before each test, and between the submaximal workloads and main tests. Calibration
values between 4.95 mmol-I" and 5.05 mmol-I* were accepted. Under normal circumstances the
errors of measurement are reported to be + 2% for blood lactate values between 0 and 5 mmol-1*
and + 3% for values between 5 and 15 mmol-I. Blood glucose measurements were obtained
using a HemoCue glucose 201* (Angelholm, Sweden). For measurements of bicarbonate, a 125
pl capillary tube was filled with capillary blood, and then analyzed using an ABL 80 Flex

(Radiometer, Branshgj, Denmark).

Subjective rating of Pain and RPE
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Subjective ratings of perceived exertion (RPE) were obtained using the Borg scale (6 to 20).
Muscular pain in arms and legs was determined on a 1-10 point scale scale as described by Ritchie
and Hopkins for each workload (20). Questionnaires used to evaluate motivation, "current fitness",
and sleep quality used a scale from 1-100 (147).

3.6 Statistics
Except for study I, which presented all data as SEM in the paper (but as SD here in the thesis), the
remaining studies presented data as means = SD. Differences in performance after CAF ingestion

compared to PLA were evaluated using a paired t-test, where the level of significance was set at

p<0.05. A two-way ANOVA for repeated measures was used to elicit differences in VOz, HR, LA,
HCOs-, glucose, Ve, muscular pain, and RPE during submaximal workloads between the two
treatments. If a significant f-ratio was found, a paired t-test was used to test differences between
treatments for the different workloads. All data were tested for normal distribution using the
Shapiro-Wilk test. Statistical analyses were performed using SPSS, and GraphPad Prism 6. For
analysis of magnitude-based interference, typical error (CV) and interclass correlation (ICC),
spreadsheets by Will Hopkins were used (95, 178). Here the level of significance was set at p<0.05.
Performance data were log-transformed to reduce the non-uniformity of error and then back-
transformed to obtain the percentage difference in the means between the treatment conditions.
Precision of estimation was indicated with a 90% confidence interval (96). For more detailed

information about each study’s statistics, see the individual papers.
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4. RESULTS

The results chapter summarizes the main findings from the five studies, according to the overall

aim of the thesis. Detailed results from specific studies are found in the original papers at the end.

4.1 Caffeine and exercise performance (Studies 1-V)

CAF (3, 4.5 or 6 mg-kg™) ingestion approximately 60 min prior to performance testing improved
athletic sport performance at sea level, acute altitude, during repeated testing, and when engaged
in exercise activity mainly limited by arm (DP) or leg muscles (running) (Table 4.1).
Improvements were greater when measured as time until voluntary exhaustion (studies I11-V) (5-
20%) compared to TT testing (studies I-111) (~1-5%). However, no dose response (3, 4.5 or 6
mg-kg™) was observed for improvements during performance testing (Table 4.1 and Fig 4.9).
Furthermore, independent of mode, approximately 75% of all athletes (VOzmax >70 ml - kgt

mint) showed improved performance following CAF ingestion (Figure 4.1, Table 4.1).

50
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Figure 4.1: Mean and individual time for athletes receiving PLA (open) or CAF (filled) to complete the 8 km TT in study I. As illustrated typically
~75% of subjects improved their performance following CAF ingestion. Values are listed as means + SD. * Significant difference from PLA trials
(p<0.05)
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4.2 Caffeine and VOamax (Studies 11 and 1V)

The results from study Il showed a higherVOz-uptake post CAF ingestion for DP. Specifically,
the DP VO2peak increased by 2.5% from 70.5£3.3 to 72.3+4.0 (ml - kgt - min'%) following CAF
consumption during the 10 min all-out test (Fig 4.4). This corresponded to all test subjects (8 out
of 8) reaching new DP VOzpeak Values during performance testing. Post measurements of DP V/
Ozpeak following the last performance test of the study revealed that no subjects reached similar
O2peak Values to those observed during CAF TT testing during PLA conditions. CAF ingestion
increased VOamax While running (Fig 4.2). Specifically, results from study 1V showed that
subjects increased their VOzmax by 1.2% from 75.945.8 during PLA trials to 76.7+6.0 (ml - kg™ -
mint) after CAF consumption. Data showed that 16 out of 23 (69.6%) subjects improved their V
O2max following CAF ingestion. ICC values for VOzmax measurements were very high (>0.95) for
both conditions, and O-kinetics were similar between CAF and PLA tests until the last minute of
testing. Furthermore, statistical results from study IV showed the higher VOzmax after CAF
ingestion contributed to improved running duration in the performance test, since adjustment for
VO2max reduced the CAF effect on increased running time from 19.4 s to 15.4 s.

In both studies 11 and IV the increase in VOzmax Was associated with subjects reaching
higher HRmaxand Vemax. Specifically, HRmax increased from 18546 (PLA) to 18945 (CAF3mg)
and 18846 (CAF4.5mg) beats per minute (bpm) in study I, and from 19246 to 19448 bpm in
study IV. This corresponded to a 2.2% and 1.1% higher HRmax, with 87.5% and 78.3% of test
subjects reaching new HRmax values. Maximal ventilation (Vemax) in study IV increased from
187.8 +17.8 (L - min™) (PLA) to 192.2 + 15.3 during running CAF testing (p<0.001), and
despite higher Vemax breathing frequency (BF) was not significantly higher after CAF ingestion
(60 + 7 vs 59 + 9 breaths - min', p< 0.07). In study Il HR increased from 164 + 24 (PLA) to
170.8 £ 21.6 (CAF3mg) and 172.1+22.8 (CAF4.5mg) during DP CAF testing. Importantly, after
adjustment for the increase in HRmax the increase in VO2zma Was attenuated to 0.7 ml - kgt -min‘?
(p<0.001), and furthermore with ~50%, after adjustment for Vemax, was no longer significant
(p=0.11). Furthermore, when running duration was adjusted for VOzmax, Vemax and HRmax there
was still a 11.7 s (p<0.001) improvement in running duration following CAF ingestion compared

to PLA, to which anaerobic processes could most likely have contributed.
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Figure 4.2: A) Individual and mean performance data for: Time, VOZmax and O,-deficit obtained during the VOzmax performance tests after

PLA (open symbols) or CAF (filled symbols). B) Percent change in running duration, VOZmax and O,-deficit following CAF consumption

compared to PLA for each subject. Values are listed as means + SD. * Significant different from PLA trials (p<0.05)
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4.3 Caffeine and Fractional utilization of VOzmax (Studies I1, 111 and V)

Fractional utilization of VOzmax Was increased following CAF ingestion during DP in study I1.
The increase in fractional utilization of VO2max Was associated with higher velocity and improved
TT performance (Fig 4.4, Appendix I). Furthermore, the results showed that with the same
relative workloads and velocity (75 and 80% of VOzmax) no difference in oxygen consumption
was observed between treatments (Fig, 4.4, Table 4.3). These results are comparable with the
results from study V while running, where no difference in VO, was observed between PLA or
CAF trials while maintaining 80% VOzmax (Fig 4.7). During altitude testing (study I11) CAF
ingestion increased velocity and fractional utilization of VOamax in the first half of the 8 km TT,
associated with improved performance (Fig 4.5). However, during the second half of the TT no
difference in fractional utilization of VO,maxWas observed between treatments, associated with
similar velocity and no difference in performance (p<0.76). Overall 8 km TT performance was
not significantly improved (p<0.22), but the 0.9% reduction in time usage following CAF

ingestion was associated with a "possible effect” based on magnitude-based statistics.
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Figure 4.4: Higher fractional utilization of VOZmax was observed post CAF (3 and 4.5 mg-kg™) ingestion in study II, associated with higher

velocity, HR and improved exercise performance. Data are given as mean + SD. * Significant difference between treatments (p<0.05).
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The increase in fractional utilization of VO2max Was associated with higher HR during
CAF trials compared to PLA in studies Il and I11. Specifically, HR increased from 180+4 to
184+3 bpm in study Il and from 184+7 to 187+7 bpm in study 111 (Fig 4.4, 4.5). These results are
similar to the findings in study I, where HR increased from 17442 to 17943 bpm during the 8 km

TT following CAF ingestion compared to PLA. However, VO, during TT testing was not
measured, to ensure optimal test conditions for test subjects. In contrast to the TT results, no

difference in fractional utilization of VO2max or HR was detected between subjects while

maintaining the same workload/velocity following CAF or PLA ingestion in studies Il and V.

These results are comparable to all standardized warm-up VO; results performed prior to all
performance tests (Table 4.3, Appendix II).
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Figure 4.5: Velocity, HR, Ve and VOZ displayed as means during PLA and CAF 8 km DP TTs at sea level, and acute altitude (2000 m) from study
111. Values are listed as means + SD. * Significant difference between PLA and CAF altitude (p<0.05). # Significant difference between PLA sea
level and CAF/PLA altitude (p<0.05).
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4.4 Caffeine, O.-deficit and lactate accumulation (Studies 1-V)
In study 1V, O2-deficit was on average increased by 10.1%, from 63.1+18.2 in PLA to
69.5.5+17.5 (ml-kg™) during CAF trials (Fig 4.2). These results corresponded to 16 out of the 23
subjects (69.6%) having higher O>-deficits after CAF ingestion. Calculations show anaerobic
processes (O2-deficit) covered approx. 15% of total energy costs during both CAF and PLA
trials. Specifically, O.-deficit covered 14.7+3.1% and 15.0+£2.7% of total O»-cost for PLA and
CAF trials respectively. Importantly, when the running duration for the performance test was
adjusted for both oxygen deficit and LA- concentration, the effect of CAF ingestion was reduced
from 19.4 to 13.6 s (p<0.001). For measurements of oxygen deficit, the ICC was 0.61 and 0.64
respectively for PLA and CAF trials. The increase in O.-deficit was associated with a 7.0%
increase in blood LA- accumulation post performance testing. Specifically, blood LA- values
increased from 7.94 £1.0 mM post the PLA trials to 8.54+1.0 mM post CAF testing (p<0.001).
Furthermore, in all five studies in the thesis, higher LA- accumulation was observed post
CAF performance trials compared to PLA. The increases in LA- were observed independent of
TT; time until voluntary exhaustion; duration (10-110 min); activity (DP vs. running); or test
conditions (sea level vs. altitude) (Table 4.2).

Furthermore, in study 111, CAF ingestion resulted in a significant decrease in HCO3
values after finishing the performance tests. Specifically, HCOs" values after finishing the
performance trials were 16.5+2.3 and 14.5+1.9 (PLA) compared to 13.7+2.0 and 12.9+1.7 (CAF)
respectively for the 8 km and 90% C-PT. These results were also reflected in a reduction in blood
pH between treatments post the 8 km TT from 7.33+0.05 (PLA) to 7.29+0.05 (CAF) (p<0.01).

4.5 Caffeine and work economy (Studies 1-V)
Collectively the results from all five studies showed no change in work economy, measured as
oxygen cost between PLA and CAF trials, during either low (60-65%) or high intensity exercise

(80-90 % of VOamax) (Table 4.3). Furthermore, these results were observed regardless of activity

(DP vs running), test conditions (sea level vs. acute altitude) and duration of the test (incremental

testing vs. time until task failure). Results also showed that the increase in VOz, HR, Ve or LA-

was only observed with increased work output/velocity (Table 4.2, Figure 4.5).
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However, in study V, the improved running duration following CAF consumption was

associated with increased CMJ heights (Fig 4.6), but no difference in work economy (O2-cost)

during performance testing. Furthermore, in studies I and I, subjects used similar numbers of DP

strokes to complete the tests while maintaining a higher work output, but higher VO, was
observed during the CAF trials. Specifically, subjects used 1932+132 (PLA) and 1942+126
(CAF) strokes to complete the 8 km time trial in study I. In study Il they used 618+42, 625+32
and 619£26 strokes during the 10 min all-out test on day one, and 635+32, 621+22 and 623+29

on day two respectively for PLA, CAF 3 and 4.5 mg - kg™.

Table 4.2: Blood LA- post performance testing for studies 1-V.

Study Activity Treatment Post

| DP- Time trial PLA 6.7+0.3

(DP- Sea level) CAF (6 mg - kg™) 8.2+0.3*

1 DP- Time trial PLA 6.2+0.2

(DP- Sea level) CAF (3 mg - kg™) 7.7+0.6*

CAF (45mg - kg?) 7.542.7%

111 DP- Time trial PLA 6.9+1.5
(DP-Altitude) CAF (4.5mg - kg 8.2+1.6*

DP- Time until voluntary exhaustion PLA 8.3+2.1

CAF (4.5mg - kg™ 9.8+2.1*
v Running - Time until voluntary PLA 8.00+1.13
(Running- Sea level) exhaustion CAF (4.5mg - kg™) 8.65+0.94*

\% Running - Time until voluntary PLA 3.5+14
(Running- Sea level) exhaustion CAF (4.5mg - kg?) 4.22+1.7*

Data are given as mean + SD. * Significant difference between treatments (p<0.05). Results from study 11 are taken from day .
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Table 4.3: VOZ (ml - kg™* - min™) during low (60-65%) and high intensive exercise (80-90% of VOZmax) when DP (I-111) and running (IV-V) in sea

level and altitude conditions following PLA or CAF ingestion.

Study Treatment Low intensive exercise % of VOzmax High intensive exercise of \'/OZmax
60% 65% 80-90%
(ml - kg - min?) (ml - kg* - min%)
I PLA 36.7+4.0 44.345.8
(DP- Sea level) CAF (6 mg) 36.3+2.5 43.0£3.3 No Data
1] PLA 41.8+3.5 45.2+4.2 55.8+1.0
(DP- Sea level) CAF (3 mg) 40.9+2.5 44,2436 51.9+4.8
CAF (4.5mg) 42.0£3.1 44,6435 54.45.9
11 PLA 33.2+4.0 35.1+3.6 50.3+4.7
(DP- Altitude) CAF (4.5mg) 32,7436 35.5+3.6 50.3+6.1
v PLA 44.8+3.7 49.3+4.2 65.9+3.3
(Running- Sea level) CAF (4.5mg) 45.1+3.8 49.6+4.1 66.0+2.9
\% PLA 57.7£3.8
(Running- Sea level) CAF(4.5mg) No data 58.5+4.3

Data are given as mean + SD. * Significantly different from PLA (p<0.05)
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Figure 4.6: CMJ heights displayed as means from study V while running at 80% of VOZW until voluntary exhaustion. Values are listed as means

+ SD. * Significant difference between PLA and CAF (p<0.05).
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Table 4.4 General summary of physiological (VOZ, HR, Vg, RER LA-) and psychological (RPE and pain) responses following CAF ingestion

during submaximal steady state exercise loads from studies 1-V. For specific data from the different test, see original paper at the end of the thesis

B Vo, HR Ve RER LA- RPE Pain
Study Activity i
(ml - kg** min?) (beat-min) (1 - min) (mmol) (6-20) (1-10)
| Not
(DP- Sea level) DP PN - o PN o ! measured
1
(DP- Sea level) DP — P - - o ! !
1]
(DP-Altitude) DP o D B B 1 ! !
v Not
(Running- Sea Running — - 1 - 1 - measured
level)
V
(Running- Sea Running - - - - - l l

level)

> No difference between treatments, 1 Higher following CAF ingestion compared to PLA, | Lower following CAF ingestion compared to
PLA(p<0.05). If physiological or psychological parameters where increased 1 or decreased | at least three of the four standardized submaximal

steady state exercise loads where changed significantly (p<0.05) following CAF ingestion.

4.6 Caffeine and substrate utilization (Studies 1-V)

When comparing substrate utilization measured as RER values, no difference was observed
between treatments (Table 4.4). This was also independent of muscular usage (DP vs running),
duration (5 vs 90 min), and level of exercise intensity (low, 60-65% or high, 80-90% of VO2max)
(Table 4.4).

In study I, the observation of similar RER was associated with no difference in plasma
concentration of FFA or glycerol between treatments (4.5). In study V, calculations of
carbohydrate and fat oxidation during the performance trial showed no change following CAF
ingestion. The stable and high glucose values observed in all studies during both PLA and CAF
performance trials indicate that no subjects became hypoglycemic.

However, when comparing DP and running RER results for the same relative workload,
higher RER values were observed for DP compared to running. Specifically, RER values for DP
in study 1 at 60% and 70% of VOzmax Were 0.97+0.01 and 0.98+0.01 compared to 0.91+0.01 and
0.89+0.01 while running. Furthermore, LA- concentrations were also higher for DP compared

with running at the same submaximal intensities (e.g. 70% DP, 3.2+0.3 mM, vs running, 1.3+0.2
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mM), but similar concentrations between exercises were reached after finishing the V/Ozma tests
while DP (8.1+£0.4 mM) and running (8.1£0.3 mM).
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Figure 4.7: VOZmaX, glucose, RER and substrate utilization of carbohydrates and fat while running at 80% of \./02max until voluntary exhaustion.

Values are listed as means + SD. * Significant difference between PLA and CAF (p<0.05).

4.7 Caffeine RPE and Pain (Studies 1-V)

With increasing workload/duration (e.g. % 0f VOzmax) RPE increased in all five studies

independent of product consumption, as illustrated in Figure 4.8A. However, while performing the
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same relative workload, lower RPE and pain were observed during CAF trials compared to PLA
(Table 4.4, Fig 4.8). As illustrated in Figure 4.8A, a clear reduction in RPE was displayed when
subjects performed the same relative workload during running until voluntary exhaustion in study
V. However, similar RPEs were observed between treatments at voluntary exhaustion, except a
10% longer duration was sustained during the CAF trial compared to PLA.

During TT studies at sea level (I-11) subjects maintained higher velocity during CAF tests
compared to PLA while reporting similar RPE and pain (Fig 4.8B). In study Il during the acute
altitude test, similar responses for RPE and pain were observed as at sea-level conditions, but here
the increased velocity in the first 4 km of the TT was not sustained in the second half.
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Figure 4.8: A: Reduction in RPE following CAF ingestion while running at equal velocity (approx. 80% of VOZmax)v but similar RPE observed at
exhaustion with improved running duration. B: Similar muscular pain during the 8 km DP TT but with higher velocity in the CAF trial compared

to PLA. Figures taken from Paper | and V. Data are given as mean + SD. * Significant difference between treatments (p<0.05).

4.8 Caffeine and pacing strategy (Studies I-111)
No change in pacing strategy was observed between CAF and PLA TTs in studies | and Il during
sea level testing (Figure 4.4 and 4.8A). In the two studies, subjects increased velocity during CAF
trials, but pacing throughout the TTs was similar, independent of treatment (Fig 4.8). In study IlI
there was a tendency (p<0.17) toward a change in pacing strategy between CAF and PLA TTs.
Results displayed a higher starting velocity in the first half of the TT, but relative to CAF’s

starting pace the reduction in velocity was larger in the second half compared to PLA. The larger
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percentage reduction in velocity during the CAF trial was not significant (p<0.17) compared to
PLA, but magnitude statistics showed a "possible effect" (Fig 4.8B). Furthermore, the pacing
strategies both for PLA and CAF trials at altitude were different compared to sea-level testing
(Fig 4.8). During sea level conditions a more even pacing was observed during the 8 km TT (Fig
4.9B), compared to a steady drop in intensity during acute altitude testing.
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Figure 4.9: A: Higher velocity but similar pacing during CAF and PLA trials at sea level 8 km TT testing. B: Higher velocity and a small change
in pacing during the first 4 km of the 8 km TT during altitude testing. Pacing was different between sea-level and altitude testing independent of
product consumption. Figures based on results from Paper I and I11. Data are given as mean + SD. * Significant difference between treatments
(p<0.05).

4.9 Caffeine and blood data (Studies 1-V)
Plasma CAF concentrations increased following CAF ingestion, and the highest plasma CAF
concentrations were reached between 60-90 minutes post ingestion (Studies 1,11 and I11). Plasma
CAF concentration was dependent on CAF dosage ingested (3-6 mg - kg?) (Fig 4.9). Post
measurements of LA-, glucose (studies I-V), adrenaline (studies I-111), FFA, glycerol (study I),
and CK (24h) (studies Il and V) were higher, whereas HCO3 and blood pH (study I11) were lower
(Table 4.5).

During submaximal exercise no difference was observed for the same parameters during the

standardized warm-ups (incremental testing). In study 1V, however, higher LA- values were also
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observed during submaximal testing following CAF ingestion. (Table 4.4), and in study Il a

reduction in HCO3™ was already evident post the standardized warm-up.

Table 4.5 Summary of blood data post performance testing from the five studies.

Study What Dosage Caffeine LA- Glucose Adrenaline FFA CK
(mg-kg*) (um) (mM) (mM) (nM) (mM) (UIL)
| 8 km DP 6 38.7+1.2 1 1 1 1 NM
(Time Trial)
1 10 min DP 3 19.7+0.8 1 1 1 NM 1
(Time Trial, two days in a row) 45 28.6+1.3
8 km DP 45 28.1£7.6 1 1 1 NM NM
11 (Time Trial altitude)
90% of V/Oyex DP 45 30.3+2.5 1 1 1 NM NM
(Time until voluntary exhaustion)
v \/O . performance test 45 NM 1 1 NM NM NM
(Time until voluntary exhaustion)
v 80% 0f VOjmax 8 N 1 ! [ LY !

(Time until voluntary exhaustion)

Data are given as mean + SD. NM = Not measured during performance testing.
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Figure 4.9: Improvements following ingestion of different CAF dosages compared to plasma CAF concentrations in blood. Data based on results

from studies I, 11 and 111. Data are given as mean + SD.

48



4.10 Caffeine and other performance data (Studies 1-V)

No differences were observed between PLA and CAF regarding responses to questionnaires on

“current fitness”, motivation, and amount of sleep (hours) before or after finishing performance

testing in any of the five studies (Table 4.6) Motivation was on average rated as "very high",

current fitness as "high" and no difference in sleep was observed the day prior to performance
testing.

Table 4.6 Summary of questionnaires where subjects rated motivation, current fitness and registered approx. hours of sleep prior to the

performance testing that day.

Pre PLA trial Pre CAF trial Post PLA trial Post CAF trial
Study Motivation Current Sleep Motivation Current Sleep Motivation Current Motivation Current
(1-100) Fitness (Hour) (1-100) Fitness (Hour) (1-100) Fitness (1-100) Fitness
(1-100) (1-100) (1-100) (1-100)
| 84+12 69+14 8.2+1.2 85+11 68+15 8.4£1.0 84+13 68+15 86+16 79+14%*
I1-Day | 78+15 69+16 8.5+0.9 8315 7411 8.1+0.8 7916 67+13 85+10 799
Day Il 82+14 71+15 8.7+0.7 81+13 70+12 8.7+0.7 81+16 73+17 86+10 75+12
111 - 8 km 81+11 74%8 7.9£1.5 81+9 71x15 8.2+1.0 83+13 7114 8318 67+12
90% 80+12 69+10 7.7£0.8 82+12 73+11 7.6£1.7 77+10 61+10 80+15 69+11
1V - Test | 77+14 62+11 7.7£1.0 79+16 62+13 7.9+14 79+17 62+12 82+13 67+15
Test I 76+14 62+13 8.0£0.9 76+14 63+12 7.9+14 78+15 65+14 80+14 70+14
\% 79+11 67+9 72413 70+16 63+15 7.7£1.0 83+10 74+11 77+15 76+17
Overall 803 68+4 8.0+0.5 8045 6815 8.1+0.4 81+3 6815 82+3 7248
Word rating "Very high™ "High" "Very high*  "High™ “Very high™ “High" "Very high*  "High"

Data are given as mean + SD. * Significantly different from PLA (p<0.05)

Furthermore, questionnaires revealed that most subjects were unable to sense which product

they received during the different trials, and had followed instructions given regarding training,

food, liquid and CAF consumption in the 48 h prior to each C-PT.

Table 4.7 Summary of questionnaires where subjects stated which product they believed they had consumed pre (approx. 90 min after CAF or

PLA consumption) and post-performance testing.
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PLA CAF
Pre Post Pre Post
Study PLA UNSURE CAF PLA UNSURE CAF PLA UNSURE CAF PLA UNSURE CAF
1 30% 50% 20% 30% 40% 20% 30% 50% 20% 30% 30% 40%
1 18.5% 62.5% 18.5% 44% 44% 12% 18.5% 62.5% 18.5% 12% 44% 44%
1l 27% 57.5% 15.5% 31% 57.5% 11.5% 23% 43% 31% 15% 42.5% 42.5%
v 20% 61% 20% 25% 55% 20% 20% 55% 25% 33% 33% 34%
Vv 27% 46% 27% 27% 46% 27% 56% 9% 35% 36% 37% 27%
Overall 24% 57% 19% 32% 50% 18% 26% 50% 26% 24% 38% 38%
I-v

Green color | indicates "right answer", |White color |"Unsure” and |Red color | "wrong answer". Data are mean values (%)
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5. DISCUSSION

5.1 Caffeine and endurance performance (Studies 1-V)
The main findings of the thesis were that CAF ingestion improved exercise performance during
both TT (studies I-111) (~4%) and time until voluntary exhaustion (studies I11-V) (~10%) (Table
4.1). Approximately 75% of all test subjects improved their endurance performance regardless of
whether exercise was performed at sea level, at altitude, on consecutive days, or when
undertaking exercise activities mainly limited by arm (DP) or leg muscles (running) (Fig 4.1 and
4.2).

A novel approach in the thesis was the use of top trained endurance athletes (\VOzmax 70
ml - kgt - min't) for whom the existing literature lacks solid results. Based on the results no dose
response was observed after ingesting 3, 4.5 or 6 mg - kg body wt™* CAF prior to exercise (Fig
4.9). Improvements following CAF ingestion were associated with a reduction of perception of
pain and effort (RPE) during standardized workloads in all studies (Fig 4.6 and Table 4.4). Other
mechanisms explaining CAF’s ergogenic potential and novel findings were the increase in
VOzmax (Fig 4.2), Oz-deficit (Table 4.2), fractional utilization of VOamax (Fig 4.4), and the
absence of change in work economy (Table 4.3), pacing strategy (Fig 4.9) or substrate utilization
(Fig 4.7) following CAF ingestion.

Time Trial 1 | | Time until voluntary exhaustion ‘

| Pacing Strategy <> |
_______ e o i o= 1 W
________ - o ——p A ——p L Motivation <+, Pain, RPE l |

L'_Mativation‘-b, Pain, RPE l _________

| Maximal performance ATP turnover t ‘

] Aerobic power t+ Anaerobic Power 1+ Fractional utilization of VO, . 1 |
Work Economy <

Figure 5.1: In this thesis the different physiological and psychological factors from Figure 1.1 were
evaluated after subjects consumed CAF/PLA prior to time trial and time until voluntary exhaustion testing. The red

arrows indicate whether CAF ingestion improved 1, reduced |, or led to no change < after CAF consumption.
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5.2 Caffeine and VOzmax (Studies 11 and 1V)
There is today a broad agreement that /O2max is an important factor in explaining endurance sport
performance (5, 6, 11, 21, 37, 49). In the present thesis VO2max Was increased both in DP and
running in studies Il and IV. Results in both studies were associated with improved performance
and increased HR and Ve following CAF ingestion compared to PLA. To the researcher’s
knowledge, no studies have so far specifically investigated or found that CAF ingestion can
increase maximal oxygen consumption. Certainly, CAF ingestion has been observed to improve
exercise performance despite the use of different muscle groups or test protocols in several
studies (Appendix 1) (24, 47, 83, 99, 100, 142). Furthermore, in the few studies that have

measured VO, during TT performances, the increased velocity has been associated with a higher
oxygen consumption (41, 57, 63, 80, 85, 158).

During maximal aerobic exercise, the “classical view” of maximal oxygen uptake
(VO2ma) is that maximal rates of oxygen utilization and production of ATP in skeletal muscles
are limited in most circumstances by the heart’s ability to pump and deliver adequate amounts of
oxygen to the working muscles (6, 112). It is estimated that 70-85% of limitations in VOzmax
during sea level testing are linked to cardiac output (Qc), meaning that in most situations VVOzmax
is primarily limited by QC (6, 129). Supporting this assumption is the observation that elite
endurance athletes primarily have higher VOzmax due to higher Qc (17, 153). Furthermore, if Qc
mainly limits VOzmax in humans, VOzmax is a physiological characteristic bound by the parametric

limits of the Fick equation (17, 112, 152). The principles of the Fick equation state that if the
arteriovenous oxygen difference (a-vO> diff) is unchanged, a higher HR and similar stroke

volume (SV) should increase both Qc and VO; (17, 152). The increase in VO associated with
increased HR in studies 1, and IV would fit very well with this theory, and might explain the
improved oxygen consumption following CAF ingestion.

Increased HR associated with increased velocity during TT performance following CAF
ingestion is one of the most consistent observations (Appendix 1) (3, 21, 23, 47, 78, 80, 100, 140,
142). Although the inhibition of adenosine receptors has been closely linked to reduction in pain
and RPE during steady state exercise (54, 68, 75) (see more in section 4.7), inhibition of
adenosine receptors could also affect cardiovascular and pulmonary functions, since they are

expressed in the human heart and lungs (68, 70). Certainly, the CAF dosages ingested in studies
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Il and IV would lead to peak plasma caffeine concentrations of 25-35 uM (Fig 4.9), reducing
adenosine receptor activation (70). In the human heart, A1 receptors, among others, inhibit
adenylyl cyclase (69, 174), and a blockage of A1 receptors in the heart may increase the response
to sympathetic activity, potentially removing a “safety break” in the heart resulting in improved
contractility and/or pumping capacity (68, 133). Mice lacking A1 and Az receptors is observed to
have no effect of CAF on HR or activity compared to normal wild mice (182). The increase in
HR during studies 11 and 1V could therefore very well be associated with an inhibition of
adenosine receptors (68, 182). Furthermore, although not measured in study IV, several studies
have found CAF ingestion increases the release of epinephrine, as observed in study Il (and
studies | and 111 in this thesis). The observed increase in adrenaline could also have contributed to
an increase in HR during CAF trials, and/or heart contractility qualities (108). Indeed, increased
adrenaline in the bloodstream is observed to stimulate adrenergic receptors, resulting in higher
HR and increased force of each individual heart contraction (51, 108).

An inhibition of A; receptors in the lungs following CAF could also affect pulmonary
functions during exercise (68, 70). Specifically, inhibition of the Az-receptos in the lungs has
been observed to lead to a bronchial dilation in the lungs, by which pulmonary functions for gas
exchange during exercise might be improved (6, 68). Studies have found CAF to be a strong
ventilatory stimulant, increasing both the sensitivity of peripheral chemoreceptors in untrained
subjects and Ve during exercise in highly trained endurance athletes (28-30, 40, 103, 144). In
study IV, no change in lung function (FENO, FEV1, FVC or FEF) was observed pre or post
VO2max performance test between treatments. However, during sub-maximal and maximal
exercise, higher Ve was observed following CAF ingestion. The observed increase in Ve in
studies Il and IV (also in study I11) would have improved conditions for O saturation during
maximal and high intensity exercise by e.g. increasing the mean transit time for the red blood
cells passing the alveolar ducts (28, 165). Since no difference in breathing frequency (BF) was
observed in either of the two studies, CAF at least improved the Ve vs BF ratio during maximal
exercise. Several studies have found that maximal Ve indeed can limit maximal oxygen
consumption for highly trained athletes during sea level exercise (28, 29, 165). This is perhaps
even more evident during hypoxic testing where pulmonary function and O saturation directly
represent limiting factors for VOzmax and performance as observed in study 111 (73, 126, 176). It

is also reported that an increase in Ve can counteract increased vagal nervous drive to the heart


http://en.wikipedia.org/wiki/Adenosine_A1_receptor
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due to input from pulmonary stretch receptors. Therefore increased Ve following CAF ingestion
might also have contributed to the increased HR observed in studies I, 11, Il and 1V (77, 155).

In the present thesis, neural activity, SV, a-vO; diff and Qc were not measured in any
studies, so the effects of the increased HRmaxand Vem 0N Oz delivery following CAF ingestion
during DP and running should be interpreted with caution. Still, during both pre and the two main
PLA tests in study IV, subjects were unable to reach the values for HR s, VEms and VOzmax that
were achieved during CAF testing. This was reflected in very high ICC values for VOzmax of 0.95
during both PLA and CAF trials. Furthermore, the observation that the increase in VVOzmax after
CAF consumption was attenuated to 0.7 ml - kg™ -min** (p<0.001) after adjustment for the
increase in HRm.x, and further more with ~50%, after adjustment for Vems. The changes in HR and
VE therefore seem important for explaining increased VOzmax following CAF ingestion. The
observation of similar VO2, HR and Ve in studies 1l and 1V (and in all other studies in the thesis)
while performing the same relative submaximal workloads (% of VOzmax) (Table 4.4), indicate
that increases in these three physiological parameters were only observed with increased work
intensity. These results are also comparable to observations from several other studies in the area
(Appendix I and I1) (34, 40, 53, 80, 140, 142). Furthermore, when running duration was adjusted
for VOzmax, Vemax and HRmax in study IV, duration was reduced from with 39.6 %, from 19.4 to
11.7s. It is therefore tempting to suggest that the ability to improve running duration during
performance testing in study IV was closely related to the observed increase in VO2max, HRmex and
VEmax, thus improving conditions for O delivery and production of ATP in working muscles.

Results from studies Il and IV therefore indicates that CAF ingestion can increase aerobic
power, consequently increasing athletes” maximal performance ATP turnover, which would

explain exercise improvements post ingestion.

5.3 Caffeine and Fractional utilization of VOamax (Studies 1, 11 and 111)

The increase in VOzmax following CAF ingestion indicates that the maximum rate at which oxygen
is taken up and used for the production of ATP is increased (6, 49). However, the period of time
that this specific intensity could be sustained would not be more than a few minutes (6, 48).
During prolonged exercise tasks (>10 min) the fraction utilization of VOzmax would therefore

represent an important physiological parameter for explaining improved exercise performances
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(33, 36, 39, 104, 120). Certainly, an increased velocity following CAF ingestion as observed in
all TT studies would require a higher production of ATP if work efficiency was not improved,
based on Di Prampero’s model (48). No difference in work economy was evident as an effect of
CAF ingestion in the studies in this thesis (further detail is provided in section 5.5). Therefore,
one would expect increased oxygen consumption if the SV and a-vO> were unchanged since

velocity and HR were higher during caffeine TT testing (section 5.2) (17, 152). Despite no

measurements of VO being performed in Study I, the results show an HR increase of 5 beats per
min (BPM), and a velocity increase of 0.6+0.04 km - h** during the CAF 8 km TT compared to
PLA testing. Results from submaximal exercise intensities from the same study showed an
increase of 0.6 km - h'! leading to an increase in O2-cost of 3.2+0.5 ml** - kg™ - min™ which would
require an increase of 6 bpm (assuming similar a-vO> diff and SV). Since HR was 51 bpm higher

during the CAF TT compared to PLA, it suggests that the increased HR improved oxygen uptake

and thereby fractional utilization of VOzmax. This assumption was confirmed by the results from

studies Il and 111 with the observations of increased VO, velocity and HR. HigherVOz values
have also been observed with increased HR in previous studies following CAF ingestion (57, 63,
85, 158).

However, to date few studies have discussed the potential mechanisms that may explain
higher fractional utilization of VOzmax following CAF ingestion. Based on the results from this
thesis it is possible that the mechanisms could be related to CAF’s effect on HR and ventilatory
functions by blocking adenosine receptors, or causing increased adrenaline release as explained
in section 5.2. However, increased fractional utilization of VOzmax could, during prolonged
exercise, also be associated with a sparing of glycogen by avoiding glycogen depletion due to a
shift in substrate utilization as suggested in the classic studies from the 1970s (35, 99). However,
due to the duration and intensity maintained during the three TTs in the present thesis (10-30 min)
this seems somewhat unlikely (for further detail see chapter 5.6). It has also been suggested that
peripheral limitations such as capillaries per mm?, oxidative enzymes, fiber composition and
mitochondrial size and number are important factors for a high fraction utilization of VOzmax (17,
48). In contrast, the contrary observations of no change in work economy or substrate utilization
and similar physiological responses (HR, VO, LA-, RER, Vg, glucose) during submaximal
exercise (Table 4.3 and 4.4) indicate that peripheral mechanisms were not improved or affected
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following CAF ingestion to an extent that would explain higher fractional utilization of \/Ozmax
(6).

It is however reported that athletes” ability to withstand increasing pain can have a large
effect on fraction utilization of VO2max during exercise (5, 6, 107, 122). Therefore, a more likely
explanation, based on the results from this thesis, is that the increased fractional utilization of
VOumax Was a direct result of the reduction in RPE following CAF ingestion (Table 4.4, chapter
5.6). If so, subjects increase their velocity during CAF TT to reach similar RPE, which would
require an increased oxygen consumption (Chapter 5.7). It therefore seems that multiple
mechanism could explaining the increased fractional utilization of VVOzmax following CAF
ingestion. However, independent of what directly explains the improvements a higher fractional
utilization of VOzmax Would increasing athletes' maximal performance ATP turnover, and

performance.

5.4 Caffeine, O2-deficit and lactate accumulation (Studies 1-V)

Today the most accurate way of estimating anaerobic contribution during exercise is the
accumulated O.-deficit (136, 146). Numerous studies have demonstrated that metabolic acidosis
is an important contributing factor to fatigue during prolonged high-intensity exercise, since the
build-up of a large O»-deficit in the early seconds of exercise establishes the biochemical
environment within the muscle cells (65, 128, 169). Results from study IV also showed that
anaerobic processes (O2-deficit) accounted for 14.7+3.1 and 15.0+2.7 % of total O2-cost in PLA
and CAF trials, but CAF ingestion increased O»-deficit by 10.1% from 63.1+18.2 to 69.5.5+17.5
ml -kg™ (p<0.02) (Fig 4.2). Several studies have suggested the total amount of anaerobic energy
produced during continuous exercise is fixed (156). However, as observed in study 1V, CAF
ingestion can promote anaerobic power, in agreement with other studies that observed CAF
ingestion can increase anaerobic glycolysis during high-intensity exercise (52, 156). Specifically,
Doherty (1998) observed that CAF ingestion (5 mg- kg body wt™*) improved running duration
during a short-term exercise (~2-3 min) for 9 highly trained male athletes ( VOzmax >60).
Performance was measured as running until exhaustion at a velocity of ~125% of VOzmax 0N a
treadmill with an uphill incline of 10.5%. The improvements were mainly explained by the

11.1% improvement in O2-deficit (52). These results are very comparable to the results from
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study IV in terms of methodological design, CAF dosages and the observed improvement in O.-
deficit (10.1%). However, in contrast to the study by Doherty et al., study IV is the first to show
CAF can also increase O2-deficit during longer exercise tasks (6-6.5 min). Furthermore, statistical
calculations show that when running durations were adjusted for both O-deficit and LA-, the
effect of CAF ingestion was reduced by 31 % from 19.4 to 13.2 s (p<0.001). Based on results
from study IV the increases in both O>-deficit and LA- seem important for explaining improved
running duration during the VVOzmax performance test.

Additionally, all five studies of the thesis observed higher blood LA- following CAF
performance trials compared to PLA (Table 4.2). Despite measurements of O»-deficit only being
calculated in study 1V, higher LA- post CAF trials compared to PLA indicate increased anaerobic
glycolysis, and increased LA- following CAF ingestion has been observed in a large number of
TT studies (Appendix 1) (52, 78, 80, 98, 103, 142). Greater reductions in HCOs- and pH during
CAF performance tests were observed in study 11, which also indicates that more H* efflux from
muscles was buffered by blood HCOs-. The reduction in HCO3- and pH would also indicate
higher anaerobic glycolysis during performance testing following CAF ingestion (15, 118, 128).
Based on the overall results from all five studies in this thesis, it therefore seems that CAF is an
effective stimulant of anaerobic processes for the production of ATP, thus explaining

improvements in both running and DP performances at sea level and under hypoxic conditions.

5.5 Caffeine and work economy (Studies 1-V)
During prolonged exercise, the aetiology of fatigue and performance is somewhat more complex
than during short-term exercise (111, 154), but if simplified, the improved performance following
CAF ingestion would require either a higher ATP turnover, or improved work economy (Figure
1.1) (48, 49). Since several studies have found work economy is an important and decisive factor
between athletes for high performance in endurance sports (111, 154), it is not unlikely that this
could also explain improvements following CAF ingestion in the present thesis.

To the author’s knowledge, study V is the first study to investigate and demonstrate that
CAF can improve prolonged running performance and reduce RPE by possibly affecting
neuromuscular function, as judged by improved CMJ heights (Fig 4.6). Indeed, neuromuscular
fatigue is often defined and quantified by measurements of changes in maximal voluntary
contraction (MVC) which is observed to have a close relationship to CMJ heights (55, 71, 72, 124,
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150, 183). In study V, no difference in CMJ heights was observed at arrival between treatments,
but 30 min post CAF ingestion a tendency was already evident for increased CMJ compared to
PLA (p<0.11). During performance testing, CAF ingestion resulted in consistently higher CMJs
(Fig 4.6). In support of these findings, Bloms et al. reported that CAF (5 mg - kg'?) increased CMJ
height, associated with increased peak force in 25 collegiate athletes (18). Despite study V being
the first to perform CMJ measurements during prolonged running exercise following CAF
ingestion, it is not the first to show that CAF can improve MVC or maximal power (16, 83, 114).
The mechanisms explaining improved CMJ and muscular power following CAF ingestion are
speculated to relate either to a direct effect on the muscle (e.g., maintaining electrolyte homeostasis
or enhancing sarcoplasmic reticulum Ca®* release) or the CNS (e.g. increasing motor unit
recruitment) (16, 80, 83, 109, 110). CAF is reported to increase cortical and spinal neuron
excitability by increasing motor unit recruitment, which also may explain increased MVC, CMJ
and the reduction in RPE (16, 110). Specifically, Black et al. found CAF ingestion (5 mg - kg?)
resulted in an increase in MVC and motor unit recruitment, associated with improved performance
due to a reduction in RPE (16). The improved CMJ height following CAF ingestion in study V
could therefore very well have contributed to a reduction in RPE and improved work economy,
since studies have reported strength training to improve running work efficiency by increased
power production (90, 124, 137, 138).

However, when comparing submaximal low (60-65%) and high intensity exercise (80-
100% of VOzmax) results in DP and running studies in this thesis, there seemed to be no difference
in Oz-cost, that would indicate an improved work efficiency following CAF ingestion (Table 4.3-
5). Furthermore, results from study Il demonstrated that despite subjects using similar numbers

strokes to complete the test, they increased their oxygen consumption associated with increased

HR. Additionally, despite CAF increasing CMJ heights in study V, HR, Ve and VO2 increased in a
similar linear fashion independent of treatment, demonstrating similar work efficiency (Fig 4.7).
Collectively the results of the thesis therefore seem to negate the suggestion that improved work
economy can explain the performance improvements observed following CAF ingestion, or lead

to a more effective usage of maximal performance ATP turnover post ingestion in top athletes.
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5.6 Caffeine and glycogen sparing (Studies I-V)

Glycogen sparing, as proposed by Costill and colleagues in 1978, could have explained the
improved performance in study V (35, 99). Since the runners maintained an intensity of ~80% of
VO2max, (comparable to that maintained during half-marathon and marathon competitions (33,
107), a sparing of glycogen, thus avoiding glycogen depletion, could be important for
maintaining the work intensity over a prolonged period of time (1, 33, 107). However, since no
difference in utilization of fat or carbohydrate oxidation was evident based on RER values, these
results would not support a sparing of glycogen following CAF ingestion (Fig 4.7). Furthermore,
in the remaining four studies of the thesis both the duration and intensity during performance
testing negate glycogen sparing as a significant factor in explaining exercise improvements. The
results from the thesis are comparable to several other studies that failed to observe increased
muscle glycogen content (muscle biopsies), despite the observation of increased FFA, glycerol or
reduced RER values post CAF ingestion (Appendix I1) (83, 84, 86). Furthermore, when
comparing substrate utilization measured as RER values from all five studies during submaximal
exercise no systematic difference is observed between treatments (Table 4.4). This is independent
of muscular usage (DP vs running), duration (5 vs 90 min), and level of exercise intensity (low,
60-65% or high, 80-90% of VO2max). The observation of stable high glucose values in study V
and post all performance tests indicates that no subjects became hypoglycaemic. Therefore even
if there had been a sparing of glycogen in the different studies it would probably have had little to
no effect on performance outcome. It is therefore somewhat unlikely that glycogen sparing, as
suggested in the classic study on cyclists by Costill et al. (1978), would give explanation to the
improved performances seen in this thesis (59, 99).

Interestingly, results from DP studies have shown that the relative contribution of
carbohydrate oxidation, measured as RER, is much higher in DP compared to running.
Specifically, results from study | showed RER values at both 60% (0.97+0.01 vs 0.89+0.01) and
70% (0.9820.01 vs 0.9120.01) of VOzmax Were higher during DP compared to running, and these
results were comparable to the findings in studies Il and I1. It is reported that substrate
utilization, mitochondria (size and amount), muscles (type and adaptation) and capacity to extract
oxygen from the blood are different in the arm muscles compared to those of the legs (26, 91, 92,

145). It is possible that the difference in RER values for DP vs. running are therefore a
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consequence of these muscular differences, since while DP the arm muscles contribute as much
as 40%-50% of the total O-cost, and provide the main speed-generating force (5, 19, 170). One
would therefore maybe expect that if CAF led to a sparing of glycogen it would perhaps be even
more evident during an activity such as DP due to the high RER values compared to those
obtained while running.

5.7 Caffeine RPE and Pain (Studies 1-V)

During athletic competitions, the ability to tolerate high levels of pain and RPE is important for
endurance performance (25). RPE and pain involve the collective integration of afferent feedback
from cardiorespiratory, metabolic, and feed-forward mechanisms, enabling individuals to
evaluate how hard or easy an exercise task feels at any point in time (60). There is therefore a
strong relationship: RPE and pain increase with increased work intensity or duration during
performance exercise (61, 151). This is clearly illustrated during submaximal incremental testing,
TT and time to voluntary exhaustion performance testing in the thesis (Fig 4.8) (151). A
reduction in pain and RPE following CAF ingestion would therefore in most situations be
beneficial for improving exercise performance, as long as it does not negatively influence pacing
strategies for athletes (60). In the five studies of this thesis, RPE and pain were reduced while
performing similar workloads during both incremental and time until voluntary exhaustion testing
following CAF ingestion compared to PLA (Table 4.4). In contrast, during TT testing (studies I-
I11) no difference in RPE or pain was observed between CAF and PLA trials, despite subjects
maintaining a higher work output (Fig 4.8). Furthermore, in all tests, maximal effort (RPE) and
pain were observed independent of treatment at completion of the different performance tests.

Several studies investigating the effects of CAF ingestion and endurance performance have
concluded that improvements following CAF ingestion are linked to the inhibition of adenosine
receptors, reducing RPE and pain due to their involvement and effects on nociception (25, 54, 68,
127). In this thesis no measurements of inhibition of adenosine receptors were performed, but the
CAF dosage used (3-6 mg - kg™ led to peak plasma CAF concentrations of ~ 25-50 uM, which
are reported to reduce adenosine receptor activation and lead to the condition termed hypoalgesia
(Figure 4.9) (68). Collectively, the results from the thesis demonstrate that CAF ingestion
allowed subjects to maintain higher intensity with similar exertion during TT testing (Fig 4.8). It

is therefore reasonable to speculate that in order to reach similar levels of pain and RPE, subjects
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increased exercise intensity during TT, and duration during time until voluntary exhaustion
testing. However, as disused in section 5.5, one cannot rule out the possibility that the increase in
CMJ height (study V) might have contributed to subjects perceiving workloads to be easier, thus
reducing RPE.

The results from sea-level testing in the thesis observing reduced RPE following CAF
ingestion seem comparable to previous studies in this area. However, during acute altitude testing
(study I11), the results suggest that a reduction of RPE and/or pain is not necessarily positive for
performance outcome in all conditions. Indeed as shown in several pacing strategy studies
(chapter 5.8), the ability to "sense" the right intensity is important for optimal pacing and
performance outcome (67, 70, 162, 181)..

Moreover, the observation that CAF increased VVOzmax, O-deficit and fractional utilization
of VOzmax raises the question of whether the methods used for evaluating RPE and pain following
CAF ingestion are optimal. Certainly if CAF increases the production of ATP by changing
physiological limitations such as affecting pulmonary or cardiovascular functions, the question is
whether exercise at the same velocity or percentage of VOzmax truly are the same. CAF increased
VOzmax in studies 11 and 1V, and O,-deficit in study IV. This means that at least during these
studies the actual relative workload was lower in percentage terms during the CAF trial compared
to PLA, since the four work loads of the incremental testing were specific percentages of VOzmax
set as a specific velocity based on inclusion testing. Based on the results from all studies in the
thesis, during incremental testing a lower workload (% of VVOzmax) would result in lower RPE. To
the author’s knowledge this thesis is the first to address this issue, because the observations of
increased VOamax in studies 11 and IV are the first to date. However, it is clear that CAF has
hypoalgesic effects from studies showing that CAF improves the effectiveness of over-the-
counter pain-relieving drugs (13, 45, 46), and at the same velocity during submaximal exercise
CAF did reduce subjects” RPE and pain. It is therefore hard to specifically conclude whether the
workload is easier following CAF ingestion due to improved energy availability, inhibition of
adenosine receptors, neuromuscular function (as judged by improved CMJ height) or a

combination of all three.



62

5.8 Caffeine and pacing strategy (Studies I-111)
Athletes generally learn optimal pacing strategies through training and competitions (132, 159).
Top athletes are therefore generally extremely good at pacing themselves based on interpretation
of feedback from pulmonary, cardiovascular and skeletal muscle responses during exercise and
competition (65, 159, 169). It is therefore surprising that so far the effects of CAF ingestion on
pacing strategy have been given little attention.

The results from studies | and 11 showed no change in pacing despite a higher velocity
throughout the CAF TTs under sea-level conditions (Fig 4.4 and 4.8A). Studies manipulating
pacing by forcing athletes to start faster or slower than their best performances have found the
best performances occur with an even or negative pacing strategy, typically characterized by
increased power output (velocity) at the end as illustrated in Figure 1.2 (65, 169). The results
from studies I, Il and 111 (PLA) during sea-level conditions are comparable to the pacing
observed in Figure 1.2. Although subjects increased their starting velocity following CAF
ingestion, they maintained a relatively steady pace and increased it at the end, comparable to
pacing in the PLA trials. The reason why increase exercise intensity is maintained following CAF
ingestion seems related to CAFs effect to improve aerobic as well as anaerobic processes for
production of energy during exercise (Chapters 5.2-4)

In contrast, during acute hypoxic testing a tendency toward a different pacing strategy was
evident between the CAF and PLA trials (Fig 4.8B). During the CAF 8 km TT at altitude,
athletes chose a higher starting velocity, which was quite similar to that observed during sea-level
testing. However, the altered velocity was only maintained for the first half of the test following
CAF consumption compared to PLA during acute exposure to altitude. The reason for these
results could be that when exposed to hypoxia (altitude 2000m) the reduction in performance is
highly related to pulmonary limitations in saturating hemoglobin while blood cells pass the
alveolar ducts, due to reduction of partial pressure in the atmosphere (176). During sea-level
testing, increased HR and Ve seem important in explaining the higher VO2max and fractional
utilization of WOamax observed following CAF consumption (Chapter 5.2-5.3). It could therefore
be that due to a reduction of partial pressure in the atmosphere during hypoxic conditions, an
increase in HR and Ve (as observed through the whole 8 km TT following CAF ingestion) did

not improve the conditions for O-saturation (Fig 4.5).
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It is also possible that the increased velocity in the first 4 km of the CAF TT during hypoxic
conditions increased blood LA- accumulation and reduced HCOs3™ and pH, leading to intracellular
perturbations. Critically low muscle pH, HCO3™ and high blood LA- values at early or
inappropriate times during a race have in many circumstances been associated with a reduction in
velocity and performance (64, 65). Indeed several studies have found that early and increased
intracellular perturbations lead to unfavorable conditions in skeletal muscles, consequently
reducing fraction utilization of VO2max (106). The fact that CAF improved the 90% VOzmax
performance test in study I1l, but not significantly the 8-km C-PT may indicate in this study that
pacing strategy can become inefficient when CAF is ingested at altitude, (maybe even under sea-
level conditions) due to CAF’s hypoalgesic effects. Results from study III show that CAF’s
ability to lower sensations of pain and RPE mas likely beneficial for higher performance during
the time until task failure test since it requires no pacing strategy (intensity is predetermined).
However, too high starting velocity due to a reduction of RPE and pain (exemplified in study IlI
during the first 4 km of the 8 km TT) could lead to early intracellular perturbations and have a
negative effect on overall performance. The results from study 11 therefore illustrates that a
reduction in RPE or pain may therefore not always be beneficial in top trained athletes during
conditions, since the ability to sense the right signals from the body is important for setting an
optimal pacing for overall performance.

It is, however, important to note that when comparing the 8 km TT pacing results from
study | at sea level with hypoxic conditions (Study I11), the pacing changed during both PLA and
CAF trials. It is therefore hard to say if the chosen pacing during CAF trials in hypoxia was

optimal or not, since it reduced time usage by 0.9 % (though this was not statistically significant).

5.9 Caffeine and other performance data

In order to elicit differences between PLA and CAF ingestion it was important to ensure subjects
were blinded, motivated, rested and at the same level of fitness before trials. Based on answers
from questionnaires pre and post-performance testing, the test subjects in all five studies seemed
to be successfully blinded (table 4.7). However, when ingesting CAF some subjects did report
physiological reactions indicating this was not the case, as illustrated in this answer from a
questionnaire in study I: "I am quite sure I have consumed CAF today. | feel more awake,

aroused and really can't wait to start pushing myself during the time trial! ” However, there were
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also many subjects who were "sure" of consuming CAF or PLA when they in fact received the
opposite treatment. These subjects also reported physiological effects after consuming "CAF",
illustrated from this questionnaire in study Il1: "Today | know that | have consumed CAF. There
is no doubt. I feel like I cannot sit still. When I came | felt sleepy; now | feel energized and
ready". Based on these illustrations it is therefore hard to specifically conclude whether subjects
did experience physiological responses following CAF ingestion that led to them not being
blinded. It may be that some subjects were guessing the right/wrong answers due to the "placebo
effect".

Strict instructions were given to ensure that “current fitness" levels before each
performance trial were equal. The amount of sleep showed no differences prior to performance
testing that could have affected current fitness. Specifically, overall ratings of current fitness were
similar between treatments for all trials, and based on the questionnaires, subjects appeared to be

equally motivated before each trial (Table 4.6).

5.10 Caffeine, doping and ethical considerations (Studies 1-V)

Athletes in endurance sports train hard and systematically over the whole year to develop the
required capacity to win competitions that can be won or lost by a few seconds (14). An
improvement of a few seconds could therefore have a big impact on results in real competitions.
Collectively the results from the thesis demonstrate that CAF ingestion is an effective way to
improve endurance performance. It is therefore natural to consider whether CAF ingestion should
be banned from use in association with sporting competitions. One of the first who raised this
question was Boje in 1939, who recommended CAF should be banned from all athletic
competitions (83). Over the last 60 years CAF has either been forbidden or controlled at various
times by sports organizations (44). From 1980-2003 CAF was included on the list of substances
banned by the International Olympic Committees (IOC), where urine caffeine levels above 12 ug
x mL™ (> 62 umol) were deemed to be a doping offence (131). However, in 2004, caffeine was
removed from the prohibited substances and methods list of the World Anti-Doping Agency
(WADA) and 10C, meaning it could be used in athletic competitions (44). The drug is today on
the monitoring program of WADA,; “substances which WADA want to monitor in order to detect
patterns of misuse in sport” (172). It is interesting to note from a doping perspective that in

studies measuring urine concentrations of CAF, with a CAF intake of up to 9 mg- kg™,
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approximately one hour prior to exercise, the post-exercise urine levels of caffeine are below 12
ug x ml™t (79, 117). This means that the dosage given in all five studies in this thesis would be
legal to ingest even if CAF was on WADA and 10C’s doping list. The question of whether it is
ethical and/or fair to ingest CAF prior to competitions is therefore perhaps more important, since
it seems ingestion would give some athletes an advantage compared to other contestants.
However, one could argue that different athletes have beneficial advantages in other areas such as
differences in equipment, training facilities, and in terms of how much money different countries
use on preparation, such as types of training camps (e.g. altitude training) (180). It is therefore
perhaps more important to discuss whether ingestion of CAF is unhealthy, or could lead to health
risks. Most likely, top athletes who compete internationally are very good at pushing themselves.
If you lower these subjects’ perception of pain, they might push themselves to serious health
risks, as shown with other stronger stimulating drugs in sports such as cycling (76). Even so, if
high-profile athletes use CAF to improve performance, the risk is perhaps even larger that health
problems might occur if CAF is ingested by children or by people in at-risk groups. However,
based on studies investigating the effects of CAF ingestion (through coffee consumption) on a
daily basis on health, the conclusion is that CAF ingestion does not seem lead to health risks, but
rather reduces the risk of diabetes, Parkinson's and liver diseases (27, 81, 130). More research is
however needed on top athletes who usually ingest CAF in its chemical form prior to

competitions, rather than by drinking coffee.
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6. CONCLUSION

Study |

In the first study, we found that CAF ingestion improved 8 km DP performance. The reduced
time usage during the 8 km TT following CAF ingestion was associated with higher HR,
adrenaline and lactate, but with no difference in pacing strategy, RPE or pain. During
submaximal exercise, RPE was reduced while no difference was observed for work efficiency or
substrate utilization following CAF ingestion. Improvements in performance therefore seemed
related to reduced RPE allowing subjects to exercise at higher velocity and HR following CAF

ingestion.

Study 11

In the second study, we found that CAF ingestion improved DP performance on consecutive
days. Improvements were associated with increased fractional utilization of VOzmax, HR, lactate,
adrenaline and CK values. No difference was observed for pacing strategy, pain, RPE or work
economy during TT testing following CAF ingestion compared to PLA. During submaximal
exercise, a reduction in RPE and pain was evident, while no differences were observed for VO,,

HR, lactate, adrenaline, CK or RER between treatments.

Study 111

In the third study, we found that CAF may improved performance during acute exposure to
hypoxia (altitude 2000m). Results show that CAF ingestion improved DP time during time until
voluntary exhaustion by 20.5%. CAF ingestion also reduced times during the first 4 km of a 8-km
time trial, which was associated with increased fractional utilization of VOzmax, HR, and VE.
There were, however, a non-significant effect for time usage for the whole 8-km TT despite a
0.9% reduction in time usage. The mechanisms underpinning improvements in both studies seem
related to increased HR, VE, epinephrine, LA-, reduced pain, RPE, pH and HCOs-. There was also
a tendency for a change in pacing strategy during the TT performance following CAF ingestion,

however not significant (p<0.17).
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Study IV

In the fourth study, we found that CAF ingestion resulted in 5.5 % longer running duration during
the performance test, which was associated with higher VOamax and Oz-deficit, while no difference was
observed for work economy. The results indicated that the improved VOama resulted from higher
HRmax and Vemax, While the increased O»-deficit was associated with higher LA- during CAF
exposure compared to PLA.

Study V

In the fifth study, we found that CAF ingestion improved running until voluntary exhaustion at
80% of VO2max. Improvements were associated with increased CMJ heights and reduced RPE. No
difference was observed for work economy, HR, VO3, LA-, glucose, RER, fat or carbohydrate
oxidation between the two treatments. However, higher LA- and HR were observed at CAF
exhaustion compared to PLA.

Overall conclusion (Studies 1-V)

Collectively the results from the five studies of the thesis demonstrate that CAF ingestion of 3-6
mg-kg™ is an effective aid for improving endurance performance in top athletes. Improvements
are observed independent of mode (time until voluntary exhaustion vs TT), duration (10-
120min), muscular usage (double poling vs running), or condition (sea level vs altitude) where
approximately 75% of test subjects improved their performance following CAF ingestion. The
reduction in both pain and RPE following CAF ingestion seem important for explaining exercise
improvements. Novel results from the thesis are the observations that CAF ingestion increased
aerobic power (VO2max), fractional utilization of VOamax and anaerobic power (Oz-deficit), thus
increasing energy availability (ATP turnover). No difference in work economy, pacing strategy

or substrate utilization was however evident following CAF ingestion.
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ABSTRACT

STADHEIM, H. K., B. KVAMME, R. OLSEN, C. A. DREVON, J. L. IVY, and J. JENSEN. Caffeine Increases Performance in Cross-
Country Double-Poling Time Trial Exercise. Med. Sci. Sports Exerc., Vol. 45, No. 11, pp. 21752183, 2013. Purpose: Caffeine (CAF)
improves performance in both short- and long-duration running and cycling where performance relies on power output and endurance
capacity of leg muscles. No studies have so far tested the effects of CAF while using the double-poling (DP) technique in cross-country
skiing. When using the DP technique, arm muscles provide the speed-generating force and therefore play an important role in per-
formance outcome. The metabolism of arm muscles differs from that of leg muscles. Thus, results from studies on leg muscles and
CAF may not be directly applicable to exercises while using the DP technique in cross-country skiing. The purpose of our study was
therefore to investigate the effects of CAF on exercise performance in DP. Method: Ten highly trained male cross-country skiers
(VOapmax Tunning, 69.3 + 1.0 mLkg ™ "“min ") performed a placebo (PLA) and CAF trial using a randomized, double-blind, crossover
design. Performance was assessed by measuring the time to complete an 8-km cross-country DP performance test (C-PT). CAF
(6 mgkg ") or PLA was ingested 75 min before the C-PT. Results: CAF ingestion reduced the time to complete the 8-km C-PT from
34:26 + 1:25 to 33:01 + 1:24 min (P < 0.05). The subjects maintained higher speed and HR throughout the C-PT, and lactate was higher
immediately after the C-PT with CAF exposure compared with PLA. Subjects reported lower RPE at submaximal intensities during
CAF compared with PLA, although HR was similar. Conclusion: CAF intake enhances endurance performance in an 8-km C-PT, where
arm muscles limit performance. CAF ingestion allowed the participants to exercise with a higher HR and work intensity possibly by
reducing perception of effort or facilitating motor unit recruitment. Key Words: EXERCISE, PAIN, RPE, ADENOSINE RECEPTORS,

GLUCOSE, ADRENALINE

any studies have demonstrated during the last

40 yr that caffeine (CAF) intake (3-9 mgkg ')

improves endurance performance in activities such
as cycling (25,26), running (7,21), and rowing (35). Fur-
thermore, CAF intake can improve exercise performance
in short- (28) or long-duration (12,27) activities, and im-
provement was shown when exercise performance was mea-
sured as time to exhaustion (25) or time to complete a set
amount of work (7).
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Multiple mechanisms have been proposed to explain im-
proved endurance performance after CAF ingestion (20,36).
Initially, CAF was observed and thought to have a carbohydrate-
sparing effect (15,25). However, this hypothesis cannot explain
improved performance in short-duration activity where gly-
cogen content is not likely to be a limiting factor (28,35).
Inhibition of adenosine receptors and increased motor unit
recruitment by CAF are additional mechanisms reported to
explain its ergogenic effects (1,9,14,19,20). Adenosine re-
ceptors are expressed in most tissues of the human body,
and blockade of these receptors may affect both RPE and
HR (2,3,18). Indeed, lower RPE has been reported at sub-
maximal workloads after CAF ingestion (2,3,13), and higher
HR has been reported in time trial studies after CAF in-
gestion compared with placebo (PLA) (3,7,26). CAF has
also been shown to improve maximal voluntary contraction
(MVC) (20). The mechanism explaining improved MVC
is that CAF ingestion may directly affect the muscle (e.g.,
maintaining electrolyte homeostasis or enhancing sarco-
plasmic reticulum Ca*"* release) or the CNS (e.g., increasing
motor unit recruitment) (20,31).
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During endurance performance tasks lasting 10-90 min,
the ergogenic effects of CAF have typically been shown for
exercises dependent on endurance capacity of the leg mus-
cles (e.g., cycling, running, and rowing) (7,26). During
double poling (DP), the arm muscles provide the speed-
generating force (37), and endurance capacity of the arm
muscles therefore plays a crucial role in performance out-
come. The metabolism of arm muscles differs from that of
leg muscles, with studies observing that arm muscles have a
higher percentage type 2 fiber compositions, extract less
oxygen, and rely more on carbohydrate utilization during
exercise (10,22,37). Because of observed differences be-
tween arm and leg muscles, CAF may act differently when
an exercise performance is relying on endurance capacity of
the arm muscles.

In cross-country skiing (XCS), DP has become an im-
portant technique because of changes in equipment, tracks,
and types of competition (4). In races such as Marcialonga
and Vasaloppet, DP capacity directly affects performance
outcome. Furthermore, maximal oxygen uptake in a well-
trained XCS athlete is lower during DP than that during
running or diagonal skiing (5,23). The lower maximal oxy-
gen uptake during DP may be due to a lower active muscle
mass, indicating that cardiac output per se does not limit
performance, or the fact that arm muscles have a lower mi-
tochondria density and are unable to extract the same
amount of oxygen as leg muscles (10,22,30).

The effect of CAF on exercise endurance performance
while using the DP technique in XCS, where endurance
capacity of the arm muscles plays a key role in performance
outcome, has not been investigated. Thus, the purpose of our
study was to determine the effect of CAF on exercise per-
formance limited to the arms while using the DP technique.
We hypothesized that ingestion of CAF will improve per-
formance in DP where arm muscles produce the speed-
generating force.

MATERIALS AND METHODS

Subjects and approvals. Ten healthy highly trained
male cross-country skiers participated. Physical characteris-
tics of the subjects were as follows (mean + SE): age, 20.0 +
1.0 yr; height, 181.0 = 1.0 cm; weight, 73.9 * 2.3 kg; max-
imal oxygen uptake during running (VOomaxrun), 69.3 +
1.0 mL-kg ™~ "min"!; and maximal oxygen uptake during DP
(VOamaxpot), 632 + 1.5 mLkg "min~". All subjects trained
systematically to compete in the Norwegian National Cross-
country Skiing Cup. Additional inclusion criteria were that
VOsmaxran Was above 65 mL~kg71~min71. The study was
approved by both the Regional Ethics Committee and the
Norwegian Medicine Agency. Subjects gave their written
consent after being informed about the purpose of the study
and risks involved. All testing was performed in the pre-
season for the XCS (September—November).

Experimental procedures. The study was a random-
ized, double-blind, PLA-controlled, crossover design. Treat-
ments included CAF (6 mgkg™' body weight) and PLA

(vehicle only). CAF (Coffeinum; Oslo Apotekproduksjon,
Oslo, Norway) was dissolved in a cordial concentrate Fun
Light (3 mgmL™") and was prepared by Ulleval Apotek
Produksjon (Oslo, Norway). Before the 8-km cross-country
DP performance tests (C-PT), the participants underwent a
4-wk training protocol to familiarize the participants with
the DP ergometer and the C-PT. On day 1, participants
performed a VO ax_run test on a treadmill (Woodway, Weil
am Rhein, Germany), and the highest HR was defined as
HRjaxrun- Oxygen consumption and RER were measured
with an Oxycon Pro (Jaeger, Hoechberg, Germany), and air
was collected during a mouth V2-mask (Hans Rudolph Instr.,
Shawnee, KS) in combination with a nose bracket. The
VOsmax-run test was performed with a standardized warm-up
consisting of four workloads lasting 5 min (8~11 km-h™")
with a 5.3° incline. A 1-min break was given between each
workload where lactate was measured. After the last work-
load of the warm-up, subjects walked for 5 min at 5 km-h ™'
before stating the VOspaxrun test. Starting speed was 10
kmh ™" with an incline on the treadmill of 10.5°. For each
half minute, speed was increased with 0.5 kmrh ™" until sub-
jects were unable to maintain the speed and jumped off the
treadmill. All 10 subjects had to meet the first criterion and at
least two of the three other criteria to reach VOomaxrun: 1)
oxygen consumption reached a plateau, meaning VO, in-
creased less than 1 mLkg ™ "min~', although speed was in-
creased two times 0.5 kmh™!; 2) RER values were above
1.10; 3) postblood lactate measurements were above 7.0
mmol-L ™ '; and 4) RPE was >19 on the Borg scale 6-20 (6).
VOsmaxrun Was based on the average of the two highest
measurements. Measurements of oxygen consumption were
done every 30 s. Subjects with VOsmaxrun higher than
65 mLkg™"'min~! were included. Day 2 subjects performed
40 min of familiarization by DP training on the poling
ergometer (Thoraxtrainer Elite; Thoraxtrainer, Holbaek, Den-
mark), with workloads ranging from 55% to 85% of their
HRjax-run- Day 3 subjects performed a VOzmaX,pol test on the
poling ergometer; the highest HR was defined as HF ,ax-pol-
Criteria for VOsmax-pot that were reached were the same as
those for VO max-run- On days 4 and 5, the participants com-
pleted time trials identical with the final C-PT but without
supplement or blood sampling. Pilot results indicated that
performance stabilizes at the third 8-km time trial (data not
shown).

Before each 8-km C-PT test, subjects performed a stan-
dardized warm-up protocol lasting 26 min. The warm-up
was performed as an incremental test with four 5-min
workloads, equivalent to 40%, 50%, 60%, and 70% of the
subjects’ VOZmaX,pol with a 2-min break between each
workload. HR, VO,, and RER were measured as means
between the 3 and 4.5 min of each workload. Subjective
RPE according to the Borg scale (from 6 to 20) was deter-
mined for each workload (6). After the warm-up incremental
test, a 5-min break was used for blood sampling and prep-
aration for the 8-km C-PT (Fig. 1). During the 8-km C-PT,
subjects self-selected their speed with the goal of using as
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FIGURE 1—Experimental design of the 8-km cross-country DP test. (A) Shows tests and training performed during the 6-wk period to accustom for
the two performance tests in DP (C-PT). (B) Shows the test procedure on the performance tests. Before the C-PT, subjects performed an incremental
tests consisting of four intensities for 5 min. Similar protocol to the C-PT was completed at pretest 1 and pretest 2, except that CAF/PLA was not

administrated and no blood samples were taken.

little time as possible (time trial). Encouragement was given
during the whole C-PT. Each C-PT was separated by 6 d
(washout period), and subjects were instructed to abstain
from hard-intensity training (80%—100% of HR,x) or any
strength training 48 h before testing. The tests were per-
formed from September through November, which is a pe-
riod before the start of the XCS season.

The performance tests (C-PT). Before the study
started, a pilot study was performed to determine the varia-
tions in performance during four repeated 8-km C-PT.
Four highly trained subjects (VOamaxpos 57.6 + 2.3 mL-
kgﬂ'min*l) all familiar with the cross-country DP tech-
nique participated. Results showed that each subject needed
two 8-km C-PT trials before they had no further improve-
ment in poling performance. The improvements in perfor-
mance during the 8-km C-PT trails were as follows: test 1
versus 2, 8%; test 2 versus 3, 1.6%; and test 3 versus 4,
0.8%. The typical coefficient of variation in percentage
change (CV%) between test 1 versus 2 was 3.2% [90% CL,
2.0-9.7; effect size (ES) = 0.33 small]; between test 2 versus
3,1.1% (90 CL, 0.7-3.2; ES = 0.12 trivial); and between test
3 versus 4, 2.1% (90 CL, 1.3-6.2; ES = 0.24 trivial/small).

The subjects prepared for each 8-km C-PT as they would
normally do before a competition. To minimize variation in
preexercise glycogen stores, diet and exercise diaries were
used to standardize food intake and training for each subject.
Subjects were asked to refrain from CAF consumption the
last 48 h before each experiment. Four subjects were regu-
lar CAF drinkers (100-250 mg-d~"). One subject (subject 7)
who normally had a high daily intake of CAF (>300 mg:d~")
was allowed to consume one-fourth of his normal CAF
amount 48 to 24 h before testing but refrained from CAF the
last 24 h. Their last meal was consumed approximately 1.5 h
before arriving at the laboratory on both testing days. Subjects
were allowed to choose what this meal consisted of but were
told to eat the same meal as they would normally do before

important competitions. This meal should be rich in carbo-
hydrates and proteins. The training performed the last 48 h and
food intake the day before were registered before the first C-
PT. Subjects were instructed to follow the same training and
diet procedure before the second test. After arriving at
the laboratory, the subjects only consumed water before and
during the testing. During the 8-km C-PT, no intake of water
was allowed to mimic real-life competitions.

Each subject arrived at the laboratory at the same time of
day for each of their C-PT. Upon arrival, subjects rested in a
supine position for 15 min, and the lowest HR was recorded
as resting HR for the day. Next, a catheter was placed (BD
Venflon™ Pro, BD, Helsingborg, Sweden) in the cephalic
vein and a 7-mL resting blood sample was drawn in tubes
containing EGTA/glutathione (20 L of 0.2 M glutathione
and 0.2 M EGTA per milliliter of blood). Blood samples were
centrifuged (10 min, 2500 rpm, 4°C), and three plasma ali-
quots were stored (Microtube Superspin; VWR Interna-
tional, West Chester, PA) at —80°C until analyses. Capillary
blood was taken from a fingertip for measurement of glucose
(HemoCue glucose 201°; HemoCue, Angelholm, Sweden)
and lactate (YSI 1500 SPORT; Yellow Springs Instruments,
Yellow Springs, OH). The subjects then consumed either
CAF or PLA. Thirty minutes after supplementation, resting
HR was determined as mentioned, followed by a venous and
capillary blood sample. Forty-five minutes after supplemen-
tation, the warm-up protocol commenced. Between each sub-
maximal workload, there was a 2-min break where blood
samples (5 mL) were drawn and prepared as described previ-
ously. After the venous blood samples, catheters were flushed
with saline (B. Braun Melsungen AG, Melsungen, Germany),
and capillary samples for measurement of glucose and lac-
tate were taken. After each workload, subjects reported RPE
according to the Borg scale (6).

During the 8-km C-PT, HR and speed were recorded each
kilometer. At 3, 5, and 7 km, subjects were asked to report
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pain in legs and arms on a scale from 1 to 10 (1 as no pain
and 10 as unbearable/maximal pain). During the C-PT,
subjects could see the remaining distance (m), and subjects
were encouraged by a blinded test leader. Venous blood
samples (7 mL) were taken 1 and 15 min after completion of
the 8-km C-PT described previously.

Thorax trainer—CC-POL. The cross-country DP er-
gometer used in the study was a Thoraxtrainer Elite
(Thoraxtrainer). Temperature in the test laboratory was be-
tween 22°C and 23°C on all test days. Ski poles used during
all testing were Swix CT1 (Swix, Lillehammer, Norway),
and length was standardized to 85% + 2% of the subject’s
height. The ski poles were attached to two sleds that moved
independently and were connected to a flywheel that pro-
vided resistance. A computer displayed the work output
(W), speed (kmh™ 1), and poling frequency in real time. Re-
sistance in the Thoraxtrainer is generated by air pressure, and
the mean barometric air pressure on days of PLA and CAF
trials averaged 966 = 4 and 970 + 2.2 mm Hg, respectively.
The Thoraxtrainer Elite was set at level 1 (easiest) of 10
different levels during all testing to optimize technique.
For more information about the DP technique and the
Thoraxtrainer, see the studies by Bojsen-Moller et al. (5)
and Van Hall et al. (37).

Plasma CAF. Sample preparation of 200-uL plasma
and the subsequent measurements of CAF and theophylline
(internal standard) by liquid chromatography—electrospray
ionization—tandem mass spectrometry were performed ac-
cording to a method previously described by Wang et al. (38).
In brief, 200 L of plasma was added 100 wL of 18 pg'mL ™!
internal standard in MeOH—-water (50/50, v/v) and 100 L
of MeOH-water (50/50, v/v). After vortex mixing for 30 s,
an aliquot (3 mL) of diethyl ether—dichloromethane (3/2, v/v)
was added and vortexed for 2 min, followed by centrifuga-
tion at 3000 rpm for 10 min. The upper organic layer was
transferred to a 4-mL sample vial and evaporated to dryness
at 40°C under a gentle stream of nitrogen. Residues were
then dissolved in 600 nL of mobile phase followed by vortex
mixing for 30 s. A 1-uL aliquot of the reconstituted solution
was injected onto the liquid chromatography—electrospray
ionization—tandem mass spectrometry system.

Plasma glycerol and nonesterified fatty acid. Glyc-
erol was measured with a kit based on colorimetric method
(Randox Laboratories Ltd, Antrim, UK), and concentration of
nonesterified fatty acids (FFA) was measured with a kit from
DIALAB (Wiener Neudorf, Austria) according to description.

Plasma catecholamines. Plasma adrenaline and nor-
adrenaline were measured with a Cat Combi ELISA kit
(DRG Instruments GmbH, Marburg, Germany) according
to description.

Questionnaires. Pain in arms and legs was evaluated
by a 1- to 10-point scale described by Ritchie and Hopkins
(34). Other questionnaires were used to evaluate motivation,
day form, and sleep quality using a scale from 1 to 100.

Statistical analysis. All data in the study are presented
as mean = SEM, and differences in performance during the

8-km C-PT were evaluated by a paired t-test. A two-way
ANOVA for repeated measures was used to elicit differ-
ences in HR, lactate, VO,, glucose, and RPE during sub-
maximal workloads between the two treatments. If a
significant f ratio was found, a paired #-test was used to test
differences between treatments on a workload. All data were
tested for normal distribution using Shapiro-Wilk test. For
analyzing the typical error (CV) of the 8-km C-PT, a
spreadsheet by Hopkins (24) was used. Statistical analyses
were performed using GraphPad Prism 6, and the level of
significance was set at P < 0.05.

RESULTS
Performance Test (8-km C-PT)

Subjects completed the 8-km C-PT 4% faster (P < 0.003)
after ingestion of CAF (33:01 + 1:24 min) as compared with
PLA (34:26 = 1:25 min) (Fig. 2). Total numbers of poling
strokes to complete the C-PT did not differ between treat-
ments (CAF, 1942 £ 126 strokes, and PLA, 1932 + 132
strokes; P < 0.46). Moreover, 80% of the subjects performed
the 8-km C-PT faster after CAF ingestion than PLA (Fig. 2).
Mean speed was higher from start to finish after CAF in-
gestion compared with PLA (Fig. 3A). Mean speed for the
8-km C-PT was 14.5 £ 0.6 versus 13.9 = 0.6 kmh™ ! (P <
0.003) after CAF and PLA ingestion, respectively. Mean HR
during the C-PT was 179 £ 2 for CAF and 174 £ 2 for PLA
(P <0.00001) (Fig. 3B).

Plasma CAF concentrations were low in all subjects on
arrival before both tests. Ingestion of 6 mgkg™' of CAF
increased plasma concentrations to 40.8 + 1.9 uM before the
8-km C-PT, and it remained at a similar level throughout the
exercise trial (Table 1), whereas ingestion of PLA resulted in
no increase in plasma CAF concentration (Table 1).

Plasma adrenaline immediately after the C-PT was in-
creased during both CAF and PLA but was higher after CAF
than PLA, and it remained so at least 15 min after the 8-km
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FIGURE 2—Effect of CAF on time trial performance in a DP ski er-
gometer. Average time and individual time for the 8-km C-PT without
(open bar) and with (filled bar) CAF ingestion. *P < 0.05 compared with
PLA. Subjects 3, 7, 8, and 10 were CAF users (300-600 mg-d '). The
rest were nonusers (<40 mg-d '). All subjects except subjects 4 and 9
used less time after CAF ingestion.
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FIGURE 3—Effect of CAF on mean speed, HR, and pain in arm and leg
muscles during the 8-km C-PT. (A) Mean speed during performance tests in
a DP without (open symbols) and with ( filled symbols) CAF ingestion. (B)
Mean HR during performance tests in a DP without (open symbols) and
with ( filled symbols) CAF ing (C) Subjects reported lar pain
in arms (circles) and legs (squares) without (open symbols) and with ( filled
symbols) CAF at 3, 5, and 7 km. A scale from 0 to 10 (no pain to unbear-
able) was used. Values are presented as means = SEM. *Significant dif-
ference between treatments (P < 0.05). Data on muscle pain in legs and
arms before exercise were collected retrospectively 3—4 wk after the test
subjects had performed the two different 8-km C-PT.

C-PT (Table 1). Plasma concentration of noradrenaline in-
creased in CAF and PLA at similar levels immediately after
C-PT but was slightly higher in CAF 15 min after the C-PT.
Plasma glycerol and FFA were similar (Table 2) for the two
treatments. Blood concentrations of lactate and glucose in-
creased during the 8-km C-PT and were higher after CAF
compared with PLA (Table 2). The concentration of blood
lactate and glucose remained elevated 15 min after the C-PT
and remained higher after CAF compared with PLA. The
same tendency was observed for glycerol (Table 2). There
was no difference in the quantity of sleep before PLA and
CAF tests (7.6 £ 1.3 and 7.8 £ 1.4 h).

Metabolism at resting and during incremental
tests. Resting HR and concentration of adrenaline, nor-
adrenaline, glucose, FFA, or glycerol were not increased
35 min after CAF ingestion (Tables 1 and 2). Blood glucose
concentration decreased during poling in PLA at 50% of
VOamaxpoi and higher intensities. In CAF, blood glucose
was higher than PLA at 50% and 70% of VOsyax-por and
only lower than resting values at 70% of VOZmM_M (Table 2).
The HR increased similarly in CAF and PLA (Table 3). RER
increased with increasing intensity in both PLA and CAF
but was significantly higher during PLA compared with
CAF at 70% of VOzmaX_pol (Table 3). Plasma concentration
of lactate, FFA, and glycerol showed no differences at any
exercise intensity (Table 2).

Questionnaires. During the incremental test, subjects
reported lower RPE after CAF ingestion at 50%, 60%, and
70% of VOZmaX_pO, (Table 3). Subjects reported “no mus-
cular pain” in either arms or legs on arrival (Fig. 3C) but
higher pain in arms than that in legs during the C-PT.
Reported muscular pain in both arms and legs followed a
similar pattern in PLA and CAF. Pain increased gradually
during the C-PT in arms as well as legs for both treatments.
In arms, pain was 8.3 + 0.3 and 8.4 + 0.3 (almost unbearable)
for PLA and CAF at 7 km (Fig. 3C), whereas leg pain
was only 6.0 £ 0.8 and 5.7 £ 0.6 (some/quite a lot) at 7 km.
The motivation was high before both CAF and PLA trials
[84.0 £ 3.9 and 84.5 = 3.4, respectively, not significant
(NS)], and subjects experienced similar “day form” (68.0 £
2.7 and 69.0 * 4.3, respectively; NS). Interestingly, subjects
reported better “day form™ after the 8-km C-PT after inges-
tion of CAF compared with PLA (78.5 £ 4.2 vs 68.2 + 4.8,
P < 0.005). The questionnaires revealed that the participants

TABLE 1. Plasma concentration of caffeine, adrenaline, and noradrenaline before, during, and after DP tests with and without CAF ingestion.

Resting Measurements Submaximal 8-km C-PT 8-km C-PT
ArRes 70% 1 min Post 14 min Post

Caffeine (M) PLA 0.16 + 0.07 0.11 £ 0.05 0.10 + 0.05 0.09 + 0.05 0.09 + 0.05
CAF 0.29 + 0.11 345 +28* 40.8 +1.9* 38.7 +1.2* 38.7 +1.2*

Adrenaline (nM) PLA 0.28 + 0.02 0.29 + 0.05 1.24 £ 0.14 3.47 + 0.66 0.52 + 0.07
CAF 0.25 = 0.02 0.41 + 0.04 3.48 + 0.66 5.28 +1.31* 0.86 + 0.04*

Noradrenaline (nM) PLA 1.69 + 0.21 2.05 +0.23 10.07 + 1.63 29.57 + 5.00 343 + 047
CAF 1.98 +0.18 265 + 0.45 10.01 + 1.59 31.95 + 6.54 486 +0.71*

Blood samples were taken at arrival (ArRes), 35 min after CAF/PLA ingestion (35Res), after the last workload on incremental tests (70%), and after the C-PT.

Values are presented as mean + SEM.
*Significantly different from PLA (P < 0.05).
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TABLE 2. Effect of CAF on blood metabolites before, during, and after DP tests.

Resting Measurements Submaximal DP (% of \'I[Jz,,.,,_,,u.) 8-km C-PT

ArRes 35Res 40 50 60 70 1 min Post 14 min Post

Glucose (mM) PLA 5.0 + 0.2 5.1+ 0.37 47 +041 45+01° 45+01° 45+01° 71+08° 57+03
CAF 52+0.2° 51+0.2° 52+0.2 50+0.1* 48+0.1° 48+01*° 8.8 +0.5% 6.7 + 0.4

Lactate (mM) PLA 0.79 + 0.077 1.40 + 0.10 1.74 £ 0.15 2.31 +0.23 315+0.29 6.7+0.3 40+03
CAF 0.75 + 0.04*° 1.70 + 0.15* 1.92 +0.15 233 +0.22 35+0.25 82+03* 5.0+ 03"
FFA (mM) PLA 0.23 + 0.02 0.19 + 0.03 0.21 + 0.03 0.25 + 0.04 0.23 + 0.04 0.24 + 0.03 0.37 + 0.06 0.38 + 0.06
CAF 0.24 +0.02 0.29 + 0.06 0.33 + 0.08 0.31 +0.08 0.31 +0.08 0.33 +0.07 0.44 + 0.06 0.47 + 0.09
Glycerol (M) PLA 244 +44 19.8 + 4.0 285+56 296 +56 341+78 405+ 8.0 104.8 + 14.6 80.6 +17.7
CAF 211 +24 281 +39 437 +90 50.8 + 13.4 63.6 + 16.1 68.4 + 16.3 145.0 + 19.2 136.2 + 17.5

Blood sample were taken at arrival (ArRes), 35 min after CAF/PLA ingestion (35Res), after each workload on incremental tests, and after the C-PT.

Values are presented as mean + SEM.
*Significantly different from PLA (P < 0.05).
“Missing data from two subjects.
bsignificantly different from ArRes.

“Missing data from one subject.

were unable to sense which product they received during the
different trials. Diary reports on training and intake of food,
liquid, and CAF-containing products the last 48 h before the
C-PT showed that the participants had followed instructions.

Oxygen uptake and metabolism in DP and running.
Maximal oxygen uptake was higher during running than while
DP (69.3 £ 1.0 and 63.2 £ 1.5, respectively; P < 0.05). The
highest HR achieved during the VO, tests was achieved
during running compared with when poling (194 + 2 and
189 + 1, respectively; P < 0.05). HR at the same relative sub-
maximal intensities (60% and 70% of VOZmaX) was similar
during running and poling (153 + 3 and 156 + 3, NS). Still,
relative contribution of carbohydrate oxidation measured as
RER was much higher during poling compared with running
at both 60% (0.97 £ 0.01 vs 0.89 + 0.01, P < 0.05) and 70%
(0.98 £0.01 vs 0.91 £ 0.01, respectively, P < 0.05) of VO, max.
Lactate concentration was higher during poling compared
with running at the same submaximal intensities (70%: pol-
ing, 3.2 £ 0.3 mM, vs running, 1.3 + 0.2 mM; P < 0.05), but
similar concentrations between exercises were reached after
finishing the VO, pmay tests (poling, 8.1 mM + 0.4, vs running,
8.1 £ 0.3 mM).

DISCUSSION

DP is an important technique for the best skiers in long-
distance competitions such as Vasaloppet and Marcialonga.

TABLE 3. Oxygen uptake, RER, HR, and perceived exertion during the incremental DP test.

The winner of the 90-km-long Vasaloppet race in 2013
(Jorgen Aukland) completed the race without any grip wax,
using only the DP technique. Also, in normal XCS, DP ca-
pacity can determine the final outcome of competitions.
Research on the effects of CAF on sports performance has
traditionally focused on cycling and running where endur-
ance capacity of the leg muscles determines power output
and performance. In our study, maximal oxygen uptake was
approximately 10% lower while using the DP technique
compared with that of running. This is in accordance with
previous studies (5,23), showing that even when highly
trained in XCS DP, they are unable to obtain the same
maximal oxygen uptake and HR ;.. as when running. This is
most likely related to differences between arm and leg
muscles in metabolism and oxygen extraction as a result of
lower oxidative capacity and capillarization in the arm
muscles (10,22,29), or the fact that a smaller muscles mass is
being used. Thus, results from studies on leg muscles and
CAF may not be directly applicable to exercises while using
DP technique during XCS.

Indeed, leg muscles use a substantial amount of oxygen
during DP (5,23,37). However, during DP, arm muscles
contribute as much as 40%-50% of total O, cost (5,37) and,
more importantly, provide the main speed-generating force
(37). Therefore, endurance capacity of the arm muscles
plays a crucial role in performance outcome. Results of pain
perception during the 8-km C-PT confirmed that arms limit

Submaximal DP (% of V0zmax-por)

What Ingested 40 50 60 70
Speed average (km-h™") PLA 101+ 0.3 114 +03 129+ 0.3 141 +04
CAF 10.0 + 0.3 115+03 129+ 0.3 141 +04
V0, (mLkg ~"-min ") PLA 240+26 31.6+14 373+13 444 £19
CAF 26.5+ 0.5 313+07 36.7 £+ 0.9 43.0+ 1.0
RER PLA 0.92 + 0.01 0.94 + 0.01 0.97 + 0.01 0.98 + 0.01
CAF 0.91 + 0.02 0.93 + 0.01 0.94 + 0.02 0.96 + 0.01*
HR (bpm) PLA 112+3 128 +3 142 +3 156 + 3
CAF 112+3 126 + 4 141 + 4 156 + 4
RPE (Borg scale 6-20) PLA 8.0+03 109+ 04 127 £03 148+ 03
CAF 79+04 10.2 + 0.4* 122 +0.3* 141 +0.3*

Values presented as mean + SEM.
*Significantly different from PLA (P < 0.05).
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performance in DP because muscular pain was much greater
in arms (almost unbearable) than that in legs (some pain)
(Fig. 3C). Importantly, we show for the first time that
CAF increases endurance performance in DP in which the
main muscles used to produce power and speed are in the
upper body.

The results from the present study are of significant in-
terest for performance sports. CV results for reliability of
the 8-km C-PT are small (around 1%-2%) and show little
variation from test to test after the familiarization proce-
dure (Fig. 1). The improvement of 4% after ingestion of
6 mgkg ™' CAF observed in the study would most likely
effect results in real-life XCS competitions. Actually, a re-
duction of 1:25 min to complete the 8-km C-PT is the time
difference between the winner and 12th place in the 2011
World Championships in XCS during the 15-km classic re-
lay in Oslo.

It has been reported that CAF improves performance by
1%—5% in cycling (26), running (7), and rowing (8) studies.
Our present study is in agreement with these studies. CAF
was initially suggested to improve performance because fat
oxidation was increased and glycogen was spared (11,25).
The higher lactate concentration after the C-PT with CAF
compared with PLA does not support that glycogen sparing
was the reason for the improved performance. Several mecha-
nisms contribute to the ergogenic effects of CAF (20,36).
Many of these effects seem to be related to CAF affecting
the CNS. CAF is an antagonist of adenosine receptors with
particularly high affinity for A; and A, receptors (16), and
our plasma CAF concentrations of approximately 40 uM
(Table 1) would significantly reduce A, and A, receptor ac-
tivation (16). Adenosine receptors are expressed in most tis-
sues including brain, heart, skeletal muscles, and the vascular
system (17). Blockade of adenosine receptors reduces somatic
pain (14), improves MVC (39), as well as reduces perceived
exertion at submaximal intensities (33,36). In our present
study, CAF reduced RPE in DP at 50%, 60%, and 70% of
maximal oxygen uptake (Table 3), which is in agreement with
findings in running and cycling (2,3,13).

CAF-mediated reduction in pain perception or increased
MVC may have contributed to the improved performance
during the 8-km C-PT. The higher lactate concentration after
CAF compared with PLA supports higher effort but does not
explain alone the improved performance. The poling speed
was higher in the 8-km C-PT with CAF, which would re-
quire a higher aerobic capacity and/or power production.
Indeed, higher average power per stroke during DP must
have been produced after CAF ingestion because the number
of DP strokes used to complete the 8-km C-PT was similar
in PLA and CAF.

CAF has been observed to improve MVC and muscular
endurance (39). The effect of CAF on MVC seems to be
related to improved motor unit recruitment (31) and not as a
direct effect on the muscles (39). An improved MVC after
CAF ingestion resulting from increased motor unit recruit-
ment (31) would potentially increase DP power production.

Facilitation of motor unit recruitment might also reduce RPE
as observed at submaximal workloads in the study. Although
well-documented effect of CAF on MVC has only been
reported in knee extensors (39), it is possible that the im-
proved performance after CAF ingestion in the study came
as a result of improved MVC. However, an improved MVC
in arm muscles after CAF ingestion is not consistently doc-
umented (39).

In the present study, pain in the arms becomes intense in
the arms (almost unbearable, Fig. 3C), and the ability to
withstand pain and to maintain an effective DP technique
is important for high performance. Our participants exer-
cised at a higher intensity throughout the whole 8-km C-PT,
which lead to higher HR and blood lactate accumulation in
the CAF trial compared with PLA. Thus, we speculate that
reduced pain sensation allows subjects to push themselves
harder and exercise at a higher HR. The higher concentrations of
lactate and adrenaline immediately after the 8-km C-PT with
CAF ingestion support the idea that reduced pain sensation
allowed higher discomfort, higher HR, and better effort.

CAF might have increased HR by direct action on aden-
osine receptors in the heart coupled to G,; or by increasing
sympathetic activity (16). However, we did not observe any
effect of CAF on HR, VO,, or adrenaline concentration at
rest or during submaximal loads (Tables 1 and 3). Increased
HR after CAF consumption was only observed when speed
was higher during the 8-km C-PT. No measurements of VO,
were done during the 8-km C-PT, but the average HR in-
creases with 5 bpm during the 8-km C-PT, and the speed
was improved by 0.6 + 0.04 kmrh ™! Results at the submaxi-
mal exercise intensities show that an increase of 0.6 kmh ™'
requires an increase in VO, of 3.2 £ 0.5 mL™ kg™ "min~"
and HR of 6 bpm. Because HR was 5 + 1 bpm higher during
the CAF trial compared with the PLA trial during the 8-km
C-PT (Fig. 3B), it is tempting to suggest that the ability to
maintain a higher HR during the CAF time trial increased
oxygen uptake. A higher delivery of O, to the active muscles
in the arms might therefore have allowed for an increased
production of power during DP.

In our present study, carbohydrate oxidation was much
higher during arm exercise compared with running at similar
relative intensities. It has been shown that blood glucose ex-
traction is higher in arm muscle than that in leg muscle exer-
cise (37), and the higher carbohydrate metabolism in arm
muscles is explained by lower density of capillaries and mi-
tochondria and less effective carbohydrate oxidation in arm
muscles compared with leg muscles (10,22,37). Interestingly,
blood glucose decreased during poling at all submaximal in-
tensities in PLA, and blood glucose was higher in CAF com-
pared with PLA at 50% and 70% of VOomaxpor. Recently,
it has been shown that intake of CAF reduces contraction-
stimulated glucose uptake in rat skeletal muscles (32). Thus,
it is possible that CAF reduces glucose uptake in arm mus-
cles. Interestingly, at 70% of VOzmaX_pol, RER was lower in
CAF compared with PLA, although adrenaline, glycerol, and
FFA were similar and glucose concentration was higher in
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CAF. These data suggest that glucose uptake may have
been impaired directly by CAF. Indeed, the higher glucose
concentration in CAF may also be due to higher glucose
production, and future studies will clarify the effect of CAF on
glucose kinetic during arm exercise.

CONCLUSION

We are the first to report that ingestion of 6 mg of CAF
per kilogram of body weight enhances endurance perfor-
mance in an 8-km DP time trial, an activity in which arm
muscles limit performance. CAF ingestion allowed the par-
ticipants to exercise with a higher HR during the time trial
and experience reduced RPE at submaximal intensities. These
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Caffeine and Performance over Consecutive
Days of Simulated Competition

HANS KRISTIAN STADHEIM', MATTHEW SPENCER', RAYMOND OLSEN?, and JORGEN JENSEN'

'Department of Physical Performance, Norwegian School of Sport Sciences, Ullevil Stadion, Oslo, NORWAY; and
’Department of Chemical and Biological Working Environment, National Institute of Occupational Health, Oslo, NORWAY

ABSTRACT

STADHEIM, H. K., M. SPENCER, R. OLSEN, and J. JENSEN. Caffeine and Performance over Consecutive Days of Simulated
Competition. Med. Sci. Sports Exerc., Vol. 46, No. 9, pp. 1787-1796, 2014. Purpose: Performance improvements after caffeine (CAF)
ingestion are well documented when using a 1-d protocol. In numerous competitions such as the Tour de France, Tour de Ski, world
championships, and National College Athletic Association championships, athletes compete for several days in a row. To date, no studies
have investigated the effects of CAF when competing for consecutive days in a row. This study aimed to investigate the effects of placebo
(PLA) and two different CAF doses (3 and 4.5 mgkg ™' body mass) on performance in a 10-min all-out, cross-country, double poling
ergometer test (C-PT) 2 d in a row. Method: Eight highly trained male cross-country skiers (VOamaxrun 78.5 = 1.6 mL-kg ™ "min~")
participated in the study, which was a randomized, double-blind, PLA-controlled, crossover design. Performance was assessed as distance
covered during a 10-min all-out C-PT. Oral ingestion of CAF or PLA was consumed 75 min before the all-out C-PT. Results: Poling
distance was improved after CAF ingestions compared with that after PLA on both days. The improvements on day 1 were 4.0%
(90% confidence limits, +3.3) and 4.0% + 2.9% for both CAF doses, respectively (P < 0.05), whereas improvements on day 2 were
5.0% + 3.6% and 5.1% + 2.8% for CAF3 and CAF4.5, respectively, compared with those for PLA. Improved performance was associated
with increased HR, adrenaline concentration, blood lactate concentration, and VO, consumption after CAF ingestion. Furthermore,
performance was elevated despite higher creatine kinase concentration and muscular pain at arrival on day 2 for both CAF doses.
Conclusions: Both CAF doses improved performance in the 10-min all-out C-PT compared with PLA over two consecutive days.
Therefore, CAF seems useful for athletes competing over consecutive days despite higher muscle damage occurring after enhanced
performance on the first day. Key Words: EXERCISE PERFORMANCE, OXYGEN CONSUMPTION, HEART RATE, CREATINE

KINASE, MUSCULAR PAIN

he ergogenic effects of caffeine (CAF) have been

researched since the early 1900s, and several studies

during the last 40 yr have observed that CAF inges-
tion (3-9 mgkg ') can have a positive effect on exercise
performance when using a 1-d protocol. This has been ob-
served in cycling (25), running (7), cross-country skiing
(XCS) (33), and rowing (31). CAF intake can also improve
exercise performance of both short- (24) and long-duration
(9,23) events, regardless of whether exercise performance is
measured as time to exhaustion (22) or time to complete a
set amount of work (33).

The observed improvements after CAF ingestion nor-
mally varies between 1% and 5% during time trials lasting
10-60 min (19,25,33). Because of variations in performance
improvements after CAF ingestion, exercise physiologists
have studied the CAF and dose response relation. Results
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from these studies have observed that optimized effects after
CAF ingestion are highly individual but seem to occur with
doses between 3 and 6 mgkg ™' (11,19,20). Higher doses
(9-12 mgkg™") do not seem to result in additional im-
provements but rather lead to stronger side effects such as
headaches or nausea (19).

The main theory explaining improved performance after
CAF ingestion is inhibition of adenosine receptors (1,19,20)
and reduction in muscle pain and RPE (12,33). Still, inhi-
bition of adenosine receptors could also affect facilitation
of motor unit recruitment and HR or have a direct effect
on the muscle (16,17,38). Indeed, lower RPE has been re-
ported at submaximal workloads after CAF ingestion (10,33),
and similar RPE has been observed when performing a
higher work intensity after CAF administration. The higher
work intensity during performance tests are very often as-
sociated with higher HR (7,25,33) and/or blood lactate ac-
cumulation (33). CAF has also been observed to improve
maximal voluntary contraction (38). It seems, therefore, that
several mechanisms contribute to performance improve-
ments after CAF administration and that CAF is an effective
stimulant drug to improve exercise intensity and perfor-
mance (7,11,22,24,31,33).

There is a potential risk that the improved exercise in-
tensity after CAF consumption could lead to larger muscular
damage, possibly impairing performance the following day
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during competitions like the Olympics, world champion-
ships (running, swimming, rowing), Tour de France (cy-
cling), or Tour de Ski (XCS). Increased exercise intensity
has been reported to increase muscular damage (30,36) and
muscle soreness (26) due to tissue inflammation from mus-
cular and cell damage. So far, no studies have examined the
potential of CAF consumption to improve the performance
over consecutive days of competition or if different doses
could result in a difference response.

The aim of the present study was, therefore, to test the
effect of placebo (PLA) and two different CAF doses (3 and
4.5 mgkg™") on a 10-min all-out cross-country double
poling test (C-PT) when using a 2-d test protocol. The du-
ration of the test is similar to some of the races in the World
Cup, Tour de Ski, world championships, or Olympics in
XCS competitions.

We hypothesized that ingestion of CAF would improve
performance in double poling (DP) on day 1, as observed in
previous studies. However, because of a higher exercise in-
tensity on day 1, subjects would be more fatigued on day 2,
leading to impaired performance in the CAF groups com-
pared with that in PLA. Furthermore, we wanted to observe
if the two different CAF doses potentially gave different
responses on performance or muscular damage on the sec-
ond day of testing.

MATERIALS AND METHODS

Subjects. Eight healthy male elite cross-country skiers
(three seniors and five juniors) gave their written consent
to participate in the study after being informed of the pur-
poses of the study and the risks involved. Their physical
characteristics (mean + SE) were age (20.0 £ 1.0 yr), height
(180.4 + 1.7 cm), weight (70.6 = 2.9 kg), VOpnax When

Week 1 2 3 4
DAY2

5

DAY1

running (VOamaxrun) (78.5 + 1.6 mLkg™ "min™"), and
VOspeax When DP (VOspeapo) (70.5 + 1.6 mL-kg ™ 'min~").
Inclusion criteria were that all subjects had to be male, have
a VOsmaxrun greater than 70 mL-kgfl'minfl, and that they
would train seriously to compete in the Norwegian National
Cross-Country Skiing Cup in the upcoming season. The
study was approved by the regional ethics committee.
Experimental procedures. The study had a random-
ized, double-blind, PLA-controlled, crossover design. Before
the performance tests (C-PT), the participants underwent a
4-wk training protocol to familiarize with the DP ergometer
(ThoraxTrainer Elite) and the 10-min all-out test (Fig. 1). On
day 1, participants performed a VO,maxrun test on a tread-
mill (Woodway, Weil am Rhein, Germany) and the highest
HR was defined as HRuun- OXygen consumption and
RER were measured with an Oxycon Pro metabolic system
(Jaeger, Hochberg, Germany), and air was collected using a
mouth V2 mask (Hans Rudolph, Inc.) in combination with
a nose bracket. The VO,maxrun test was performed with a
standardized warm-up consisting of four workloads lasting
5 min (8-11 kmrh™") with a 5.3° uphill incline. A 1-min
break was given between each workload where lactate con-
centration was measured. After the last workload of the
warm-up, subjects walked for 5 min at 5 kmh™' before
starting the VO,max.run test. The starting speed was 10 kmh ™ L
with a treadmill incline of 10.5°. Each 0.5-min speed was
increased with 0.5 kmh™! until subjects were unable to
maintain the speed and stepped off the treadmill. All eight
subjects had to meet criterion 1, and at least two of the
three other criteria to obtain VOsmaxrun: 1) 0Xygen con-
sumption reached a plateau, meaning VO, increased less
than 1 mL-kg "min~' whereas speed was increased two
times 0.5 km'h™!, 2) RER values were greater than 1.10,
3) postmeasurements of blood lactate concentration were

6 7 8

DAY2 DAY1 DAY2 DAY1 DAY2

VO2maxrun  DPtraining VO2max-pol  Pretest Pretest

cPTI

Pt Tl Pt CPTII  PostVO2max

Standardized warm-up Performance test (C-PT)

Blood sampel

. . . — .

[

PLA Smin | 10minatiout

10min | 50
* Smi Smin 5 min =%
Smin g
I o 55% 60% 65% |
U] 1 1 1
Time (min) -5 0 45 71 76 101 116

Start: warm-up
(incremental)

5 min
break

Day1
10 min jogg
60% VO2max-run

FIGURE 1—Experimental design. Top line shows tests and training performed during the 8 wk to familiarize for the three 2-d performance tests in
DP (C-PT). The bottom figure shows the test procedure for all performance tests. Before the C-PT, subjects performed a standardized warm-up
(incremental tests) consisting of four intensities all lasting 5 min. A similar protocol to the C-PT was completed at pretest 1 and pretest 2, except
that CAF/PLA was not administrated and no blood samples were taken. VOjmay.run, Training in ThoraxTrainer, VOzpeak_p(,., pretest 1, pretest 2,

C-PT 1, C-PT 2, and C-PT 3.
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greater than 7.0 mM, and 4) RPE >19 on the Borg scale
620 (5). VOsmaxrun Was based on the average of the two
highest measurements. Subjects with VOoyax.run higher than
70 mLkg ™ "min " were included. Day 2 subjects performed
40 min of familiarization DP training on the poling ergometer
(ThoraxTrainer Elite), with workloads ranging from 55% to
85% of their HR,ax_run- Day 3 subjects performed a VOzpeak,pol
test on the poling ergometer, with the highest HR defined as
HR a5 por- Criteria for that VOapeakpot Were reached were
the same as those for VO, axrun- On days 4 and 5, the
participants completed pre—C-PT identical to the final C-PT
but without supplement or blood sampling. Using similar
test protocols, our previous study suggested that a mini-
mum of two familiarization trials of the 10-min all-out pe-
riod of the C-PT were required to obtain acceptable reliability
(coefficient of variation (CV)%, approximately 1%—2%) (33).

On remaining test days, subjects received PLA or one of
the two CAF doses 2 d in a row, 45 min before the stan-
dardized warm-up and C-PT. The warm-up was performed
as an incremental test with four 5-min workloads equivalent
to 50%, 55%, 60%, and 65% of subjects VOzpeak,pol, with
a 1-min break between each workload. HR, VO,, and RER
were measured as means between the 3—4.5 min of each
workload. Subjective RPE according to the Borg scale (6-20)
were determined for each workload (5). After the warm-up,
a 5-min break was used for blood sampling and preparation
for the C-PT. During the C-PT, the first 15 min of the test
consisted of two standardized workloads equivalent to 75%
(10 min) and 80% (5 min) of VOspeqi-por. For the remaining
10-min all-out period of the C-PT, subjects self-selected
their speed with the goal of performing the largest work-
load possible (Fig. 1). Performance was measured as distance
covered during the 10-min all-out C-PT. Encouragement was
given during the whole 10-min all-out test by a blinded test
leader, and the subjects could see the remaining time. During
the C-PT, HR, VO,, RPE, and speed were recorded after 4,
10, and 15 min (standardized workloads) and 17.5, 20, 22.5,
and 25 min (10-min all-out).

After finishing the C-PT on day 1, the last blood samples
were drawn and all subjects had to perform a low-intensity
jog for 10 min on a treadmill with a workload equivalent to
50% of VOamax-run- During the 10-min jog, subjects were
also given an energy drink to ensure refilling of glycogen
stores. The 500-mL sports drink contained water (0.4 dL),
Fun Light cordial concentrate (0.1 dL), 53 g CHO (26.5 g
maltodextrin; AppliChem GmbH, Darmstadt, Germany, and
26.5 g glucose; Prolab VWR, Leuven, Belgium), 26.5 g
protein (Arla Foods, Videbaek, Denmark), and 0.2 g sodium
chloride. The overall goal of the cooldown was to optimize
restitution so that subjects were able to perform their best
during the C-PT the next day (test day 2). In addition, before
leaving the laboratory on day 1, subjects had to finish a
questionnaire about what product they believed they had
received, their day form, and motivation. They were also
given the option to eat a small CHO-rich meal consisting of
0.3 dL chocolate milk, one banana, 4-6 small chocolate chip

cookies, and a sweet bun. Subjects themselves chose the
amount they wanted to eat. Most subjects ingested the whole
meal and repeated it for all trials; i.e., the same amount was
eaten for all trials compared with how much they ate after
the first test.

Performance tests (C-PT). All subjects were informed
to only perform light training (and no strength training) on the
last 48 h before each C-PT. The subjects prepared for the
C-PT as before a competition and followed the same train-
ing and diet regimen before all tests, with an interval of 6 d
between each 2-d testing. To minimize variation in preexer-
cise glycogen stores, diet and exercise diaries were used to
standardize food intake and training for each subject. After
the first test, subjects were instructed to perform the same
training and food consumption 48 h and 24 h before the
remaining 2-d trials. Copies of training and nutritional diaries
were provided to each subject so that they could replicate
this for the remaining trials. In addition, subjects refrained
from CAF consumption during the last 48 h before each
test day. No subject in the study had a high intake of CAF
products on a daily basis (<150 mg), based on a self-reported
CAF intake questionnaire.

The subjects arrived at the laboratory at the same time
for all tests (£15 min). Each 2-d trial was separated by a 6-d
washout period. After arrival, subjects rested in a supine
position (in a bed) before resting HR was measured over
a 10-min period. The first blood sample was drawn from
the subject’s median cubital vein using a BD Vacutainer
(Becton, Dickinson and Company, Franklin Lakes, NJ). A
7-mL blood sample was drawn in tubes containing ethylene
glycol tetraacetic acid/glutathione (20 pL, 0.2 M glutathione
and 0.2 M ethylene glycol tetraacetic acid per milliliter of
blood) for analysis of adrenaline, creatine kinase (CK),
and CAF. Blood samples were immediately placed in ice
water and centrifuged at 2500 rpm for 10 min at 4°C (Heraeus
Megafuge 16R centrifuge; Thermo Electro, Deutschland,
Germany). Plasma was divided into three Eppendorf tubes
(Microtube SuperSpin; VWR International, West Chester, PA)
and frozen at —80°C.

Capillary blood was taken from a fingertip for measure-
ment of glucose concentration (HemoCue Glucose 201+;
HemoCue, Angelholm, Sweden) and lactate concentration
(YSI 1500 SPORT; Yellow Springs Instruments Life Sci-
ences, Yellow Springs, OH). The subjects then consumed
either CAF or PLA drinks. Treatments included two CAF
doses (3 and 4.5 mg'kg ") and PLA (vehicle only). Doses
selected in the study were chosen because they would be
less than the limit that falls under the Norwegian paragraph
for clinical testing of medicine on humans. Furthermore, both
doses are commonly used by XCS athletes during competi-
tions. Higher doses do not seem to give additional effects,
and few studies have tested the effects of CAF 4.5 mgkg ™'
on performance. CAF (Coffeinum; Oslo Apotekproduksjon,
Oslo, Norway) was dissolved in a cordial concentrate Fun
Light (3 mgmL™') and was prepared at the laboratory.
Measurement of resting HR (over 10 min) was then
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performed 30 min after consumption of CAF or PLA
followed by new venous and capillary blood samples. After
the blood sampling, subjects prepared for the test and started
the standardized warm-up (incremental testing) 45 min after
ingestion of CAF or PLA.

ThoraxTrainer Elite. The cross-country DP ergometer
used in the study was a ThoraxTrainer Elite (ThoraxTrainer,
Holbak, Denmark). The temperature in the test laboratory
was between 21°C and 23°C on all test days. The ski pole
used during all testing was Swix CT1 (Swix, Lillehammer,
Norway), and length was standardized to 85% + 2% of sub-
ject’s height. The ski poles were attached to two sleds that
moved independently and were connected to a flywheel that
provided resistance. A computer displayed work output (W),
speed (kmrh "), and poling frequency in real time. Resistance
in the ThoraxTrainer is generated by air pressure, and the
mean barometric air pressure for PLA and CAF trials aver-
aged 958 + 4, 960 + 7, and 968 + 2 mm Hg, respectively
(P> 0.05). The ThoraxTrainer Elite was set at level 1 (easiest)
of 10 different levels during all testing to optimize tech-
nique. For more information about the DP technique and the
ThoraxTrainer Elite, see studies by Bojsen-Moller et al. (4) and
van Hall et al. (35).

Plasma CAF. Sample preparation of 200-uL plasma
and the subsequent measurements of CAF and theophylline
were done according to the method previously described
in the study of Stadheim et al. (33). For plasma catechol-
amines, plasma adrenaline concentration was measured with
a Cat Combi enzyme-linked immunosorbent assay kit (DRG
Instruments GmbH, Marburg, Germany) according to de-
scription. Plasma CK concentration was measured according
to the manufacturer’s instructions. Plasma CK concentration
was measured using a Maxmat SA (ZAC du Millenaire,
Montpellier, France), and analysis was done using the col-
orimetric enzymatic method-kinetic type (13).

Questionnaires. Pain in arms and legs was evaluated by
a 1-10 point scale described by Ritchie and Hopkins (28).

2800 A
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Distance (meters)

2500 A

2400 A

2300 A

2200

PLA CAF3 CAF4.5

Other questionnaire scales were used to evaluate motivation
and day form from 1 to 100 (28). Sleep quality was evaluated
by each subject using a 1-10 visual analog scale.

Statistical analysis. All data in the study are presented
as means + SEM, and differences in performance during the
10-min C-PT were evaluated by ANOVA. ANOVA was
also used to assess treatment/day interaction. A two-way
ANOVA for repeated measures was used to elicit differences
in HR, LA, Voz, glucose concentration, and RPE during
submaximal workloads between the two treatments. If a
significant F-ratio was found, a paired t-test was used to
test differences between treatments on a workload. All data
were tested for normal distribution using the Shapiro-Wilk
test. Statistical analyses were performed using GraphPad
Prism 6, and the level of significance was set at P < 0.05.
Performance data were log-transformed to reduce the non-
uniformity of error and then back-transformed to obtain the
percentage difference in the means between the treatment
conditions. Precision of estimation was indicated with 90%
confidence limits (21).

RESULTS

Performance test. Of all subjects participating in the
study, seven of the eight test subjects improved perfor-
mance as a result of CAF ingestion on both testing days.
Total distances covered in meters during the all-out test
for days 1 and 2 are presented in Figure 2. On the first
testing day, subjects improved performance after ingestion
of CAF3 and CAF4.5 by 4.0% (90% confidence limit, +3.3%)
and 4.0% * 2.9% compared with that after ingestion of PLA.
The following day, improvements were 5.0% + 3.6% and
5.1% =+ 2.8%, respectively, compared with those in PLA. Im-
proved performance came on both days as a result of subjects’
increasing work output, leading to higher mean speed and
greater distance covered. The total numbers of poling strokes
to complete the all-out test did not differ between treatments

DAY 2

PLA CAF3 CAF4.5

FIGURE 2—Mean and individual distances covered during the 2 d of the 10-min all-out C-PT after consuming PLA, CAF3, or CAF4.5. Values are

mean + SEM. *Significantly different from PLA (P < 0.05).
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on any of the two testing days (PLA, 618 +42 and 638 + 32;
CAF3, 625 £ 32 and 621 £ 22; and CAF4.5, 619 + 26 and
623 £ 29). Mean speed was 15.5+0.2 and 15.4 + 0.4 km'h ™!
for PLA days 1 and 2, respectively. After CAF ingestion,
mean speed increased to 16.2 + 0.4 kmrh ™! for both CAF3
and CAF4.5 on day | whereas for day 2, the same average
speed was observed for CAF4.5 and a small decrease to 16.1 +
0.4 km-h ™" was observed for CAF3.

HR and VO,. Mean HR was higher when subjects per-
formed the all-out test after CAF consumption (Fig. 3).
Mean HR (bpm) during days 1 and 2 were 180 + 3 and
180 = 4 bpm for PLA. During CAF trials, higher average
HR were observed for both CAF3 (184 + 3 bpm) and CAF4.5
(185 £ 3 bpm) (Fig. 3) on day 1. The same trend was ob-
served on the second testing day, with both CAF treatments
having an average HR of 184 + 3 bpm. Oxygen uptake was
progressively increased during CAF 10-min all-out tests,
although only significantly different on the first testing day
for both CAF3 and CAF4.5 compared with that for PLA
(difference of 4.2% + 3.8% and 4.4% + 3.8%, respectively).
On the second testing day, only a tendency was observed for
increased VO, (P = 0.12) during CAF trials (difference,
1.2% + 5.0% and 1.4% + 5.8%). Unexpectedly, all subjects
were able to reach new \'/Ozpe.dk_pol values during CAF trials
compared with PLA trials, and seven of eight subjects set
new HRaxpo1 values (Fig. 3).

Blood values. Blood concentrations of lactate and glu-
cose were higher after finishing the 10-min all-out C-PT
after CAF consumption compared with those after PLA
consumption. Similar results were observed for adrenaline
values on the first testing day (Table 1). No difference in CK
concentration was observed upon arrival or after finishing
the 10-min all-out C-PT day | between treatments. How-
ever, a higher CK concentration was observed on day 2 in
both CAF trials compared with that in PLA upon arrival and
after finishing the performance test.

Resting measurements and metabolism during
standardized warm-up (incremental tests). No sig-
nificant difference in resting HR (5458 bpm), blood lactate
concentration, or glucose concentration among treatments
before the standardized warm-up protocol (incremental test)
were observed. During the standardized warm-up, no sys-
tematic difference was observed for either HR, VO,, RER,
blood lactate concentration, glucose concentration, or VE be-
tween treatments (Fig. 4). However, lower RPE and higher
lactate concentration at the last workload (65% of VOzpeak_pol)
were observed on the first testing day after consuming CAF
3or4.5mgkg ™' compared with those after consuming PLA.
There were no observed difference for these parameters on
the second testing day.

Questionnaires. Motivation was high before all trials
of PLA (78 + 5, 82 £ 5 = “very high”), CAF3 (87 * 4,
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FIGURE 3—HR and VO, response after consuming PLA, CAF3, and CAF4.5 during the whole performance test 15-min and 10-min all-out C-PT.
Values are mean + SEM. *Significantly different from those in PLA (P < 0.05).
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TABLE 1. Mean speed, blood lactate concentration, glucose concentration, muscular arm pain, and plasma concentrations of CAF, adrenaline, and CK before starting and after finishing
the 15-min and 10-min all-out C-PT.

Day 1 Day 2

Time Point Variable PLA CAF3 CAF4.5 PLA CAF3 CAF4.5
C-PT finished Mean speed (km-h ") 15.5 £ 0.2 16.2 + 0.4* 16.2 + 0.4* 154+ 04 16.1 + 0.4* 16.2 + 0.4*
Arrival CAF (uM) Not measured Not measured Not measured 06+0.2 0.7 +0.1* 09+0.3*
C-PT finished CAF (uM) 05+0.2 19.7 + 0.8* 286 + 1.3 06+03 18.1 +1.8* 305 + 0.8*
Pre-start C-PT Lactate concentration (mM) 11+02 14+06 16+01 1.3+01 14+02 15+0.2
C-PT finished Lactate concentration (mM) 6.2+0.2 7.7 £0.2* 75+03* 6.4+06 7.0 £ 0.3* 7.2 +04%
Pre-start C-PT Adrenaline concentration (nM) 0.62 + 0.07 0.45 + 0.27 0.42 + 0.02* 0.48 + 0.08 0.35 + 0.32 0.36 + 0.22
C-PT finished Adrenaline concentration (nM) 1.39 = 0.17 3.02 + 0.02* 2.90 + 0.04* 1.90 + 0.36 2.38 +0.24 2.22 + 0.51
Arrival CK concentration (U/L) 236.4 + 37.8 253.5 + 26.2 246.1 + 26.6 253.8 + 29.4 365.1 £ 65.2*** 319.4 + 46.7%**
C-PT finished CK concentration (U/L) 301.8 + 39.4 317.0 + 36.4 317.9 + 26.2 323.3 + 285 450.6 + 71.4*** 398.9 + 53.6***
Arrival Muscular pain in arms (1-100) 113+ 46 11.9+54 134 + 4.7 113+ 36 18.1 + 5.7%** 18.8 + 5.0*
C-PT finished Muscular pain in arms (1-100) 781 +74 731 £6.1 80.0 +3.3 794 +76 756 £ 5.5 76.9 +3.7
Pre-start C-PT Glucose concentration (mM) 54+02 54 +0.1 56+02 6.2 +1.1 53+02 53+01
C-PT finished Glucose concentration (mM) 72+0.6 8.3 +0.3* 8.5+ 0.5* 70+ 05 8.1+0.3" 7.8+0.3*
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Values are mean + SEM.
*Significantly different from that in PLA (P < 0.05).
**Significantly different from value on day 1 (P < 0.05).

80 + 4 = “very high”), and CAF4.5 (80 + 6, 82 + 5 = “very
high”). Subjects also reported similar day forms before
and after finishing all tests (72-77 £ 5 = “very well”).
Furthermore, no difference in muscular pain or RPE was
detected during the C-PT. However, higher muscular pain
was observed upon arrival in the CAF groups on the second
day compared with that in PLA (Table 1). Questionnaires
revealed that subjects were unable to sense which product
they received during the different trials. Diary reports on
training and intake of food, liquid, and CAF-containing
products during the last 48 h before the C-PT showed that
subjects had followed the instructions given. No differ-
ence in quality (5.2-6.3 = “good sleep”) or sleep amount
(7.2-8.4 h) before PLA, CAF3, or CAF4.5 was observed
before either testing days.

Standardized workloads. The first 15 min of the
performance test showed no differences in mean HR (162—
166 bpm), VO, uptake (51.9-54.4 mL-kg "min~"), RPE
(14.8-15.3), or muscular pain in arms (48.8-58.1 = “moderate
pain”) regardless of product consumption on any of the two
testing days. Furthermore, no difference in HR (89-96 bpm),
blood glucose concentration, or lactate concentration were
observed between treatments before subjects started the per-
formance test on any one of the two testing days (Table 1).

Comparing oxygen uptake when DP and
running. Maximal oxygen uptake was higher when run-
ning compared to that while DP. The highest HR achieved
during the different VO, tests was higher when run-
ning compared with that when DP. No differences were
observed in VOomaxrun (78.5 = 1.6, 77.0 + 1.6) or VOapeakpol
(70.5 £ 1.2, 69.6 £ 2.0) for test subjects from premeasurements
(September) to postmeasurements (October).

DISCUSSION

In the present study, we show for the first time that CAF
ingestion of 3 or 4.5 mg'kg™" improved performance com-
pared with PLA during a 10-min all-out DP performance
test when performed for consecutive days in a row. Despite

higher CK concentration and muscular pain associated with
increased performance after CAF ingestion on day 1, both
CAF doses led to improved performance on the second con-
secutive day of testing.

DP performance was improved on day 1 by 4.0% during
the simulated DP XCS competition for both CAF treatments
compared with that for PLA. Improved performance came
as a result of subjects’ increasing work intensity, which was
associated with higher VO,, HR, adrenaline concentration,
and blood lactate accumulation, after CAF consumption
compared with that after PLA consumption. Results from
the present study show that ingestion of CAF 3 mgkg ™'
leads to similar exercise improvements as those of ingestion
of 4.5 mg'kg ™", Furthermore, results from the present study
agree with those from previous studies testing ergogenic
effects of CAF using a 1-d protocol (19) also when using the
DP technique in XCS (33).

Higher exercise intensity and performance, as observed
in the present study after CAF ingestion on day 1, is often
associated with higher muscular soreness due to a larger
muscular damage (6,27,30,36). CK is a marker of muscular
damage during exercise and is observed to be higher during
both ultradistance marathon running and strength training
(6). Interestingly, we observed that CK concentration was
higher on arrival on the second day after CAF testing on
day 1 compared with that in PLA. Also, it has recently been
reported that CAF ingestion resulted in increased oxidative
stress markers (interleukin 6 and 10) after a 15-km running
competition compared with that in PLA (34). It was there-
fore somewhat unexpected that subjects had improved per-
formance on the second testing day as observed on day 1.
On average, performance was improved by 5.0% and 5.1%
on day 2 after ingesting CAF 3 and 4.5 mg‘kgfl, respec-
tively, compared with that after ingesting PLA, but no dif-
ference was observed between performance on days 1 and 2.
No difference in CK concentration was observed before
or after finishing the C-PT day 1. Higher CK values upon
arrival on day 2 after CAF testing on day 1 therefore pre-
sumably came as a result of the improved exercise intensity.
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Higher muscular pain in the arms was also reported in be accompanied with strength loss and a reduced range of
the CAF groups compared with that in PLA before starting motion the following day (26). However, results in the
C-PT day 2 (Table 1). Higher muscular pain is reported to present study show that the performance on the second
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day was not affected by higher CK concentration or mus-
cular soreness.

On the basis of available literature, the actions of CAF
ingestion improving performance seems to be multifunctional
(19,20). When DP, the ability to withstand the increasing
pain in the arms is important for high performance (33). In
the present study, subjects reported lower RPE on day 1
during the standardized warm-up. This was, however, not
observed on the second consecutive day, maybe because
of higher muscular damage, resulting in higher muscular
pain from the improved exercise intensity on day 1 after
CAF ingestion. During all 10-min all-out tests, subjects
chose a similar level of exertion and muscular pain during
both CAF and PLA trials. However, after CAF ingestion,
discomfort was reduced when RPE is expressed as per given
work output.

Adenosine receptors are plentiful in many areas of the
heart, brain, and muscles (20), and inhibition is observed
to reduce both somatic pain as well as RPE during steady-
state exercise (14,18). If work economy was not improved,
the increased exercise intensity after CAF ingestion would
require a higher energy production because of the break-
down and use of adenosine triphosphate. This means that
even if CAF ingestion allowed higher discomfort because
of inhibition of adenosine receptors, it would not explain
why subjects were able to produce more energy to maintain
the increased exercise intensity.

Our plasma CAF concentrations of approximately 18 puM
(3 mg) and approximately 30 uM (4.5 mg) in the study
would reduce both A; and A, adenosine receptor activation
(14). A, receptors inhibit adenylyl cyclase (15,37), and a
blockage of A; receptors in the heart could increase the
response to sympathetic activity and potentially remove a
“safety break” in the heart, resulting in improved contrac-
tility and/or pumping capacity (14). Higher HR after CAF
ingestion is one of the most commonly observed effects
during high-intensity performance tests lasting 30-60 min
(7,11,19,22,33). Furthermore, higher HR during performance
tests after CAF ingestion could be associated with subjects
consuming larger amounts of oxygen if the refilling (dias-
tole) and pumping (systole) of each heartbeat is unchanged
(stroke volume) (3,29). When using the Fick equation, a
higher HR and the same stroke volume (cardiac output)
should lead to higher oxygen consumption if the arteriove-
nous difference is unchanged (3,29). Ivy et al. (22) observed
that after CAF ingestion, subjects were able to produce a
higher average power, which was associated with both higher
HR and oxygen consumption compared with that after PLA
ingestion during a cycling performance test. In the present
study, higher HR was associated with improved work in-
tensity during the 10-min all-out C-PT after CAF consump-
tion on both days (Fig. 3).VO, was also higher on day 1
after subjects ingested CAF doses compared with that after
PLA ingestion, but only a tendency was observed for the
second day (P < 0.12). Results from submaximal exercise
show no difference in HR or VO, between treatments while

doing the same workload and, in addition, that they increase
in a linear fashion (R> = 0.97). The higher adrenaline values
after CAF performances would also strengthen a theory that
CAF ingestion could improve contractility qualities of the
heart, hence increasing HR, VO,, oxygen delivery to exer-
cising muscles, production of adenosine triphosphate, and
maintenance of higher exercise intensity. Impressively, all
subjects (8/8) set new VOzpeak_p(,], and seven of eight sub-
jects, new HRpax.por during CAF 10-min all-out C-PT.
Posttesting in week 8 of VOscak-pol and measurements of
VOzpeak during the PLA 10-min all-out C-PT showed no
difference from premeasurements. Furthermore, similar re-
sults were observed for HRyax-pol-

Indeed, a higher average power per stroke while DP had
to be produced after CAF ingestion on both days because
the number of strokes used to complete the 10-min all-out
C-PT was similar between treatments on all days (38).
Studies have observed that CAF ingestion can improve
strength—power performance when using arm muscles. In
DP, the arm muscles represent the speed generation force
and are therefore of high relevance for performance out-
come (33,35). In a study by Beck et al. (2), subjects im-
proved the number of repetitions until exhaustion at 80%
of individual one-repetition maximum bench press. How-
ever, an improved muscular strength or contractility quali-
ties of exercising muscles has so far only been observed
when using the knee extensors (38), and a well-documented
effect of CAF on strength of the arm muscles has so far
not been reported (38). However, it is still possible that
CAF ingestion improved contractility qualities of exercis-
ing muscles because of improved or more efficient mus-
cle recruitment. This was, however, not measured in the
study, and on the basis of our results, work economy or
efficiency during submaximal exercise was not improved
by CAF ingestion.

Results from the present study are of great interest for
sports performance because CAF was removed from the
World Anti-Doping Agency list of prohibited substances in
2004 and is now legal to use (8). The clear improvements
on day | and day 2 for CAF3 and CAF4.5 would most
likely affect results in elite XCS competitions. For example,
it has been reported that the within-athlete variability in
performance times in elite XCS races for the best skiers
is approximately 1.1%—1.4% for both sprint and distance
races and the smallest worthwhile enhancement is as small
as 0.3%-0.4% (32). Knowledge of effects of CAF on sports
performance when performing for two consecutive days in
a row is also of high relevance because many sports have
competitions lasting several days.

CONCLUSIONS

Ingestion of either CAF 3 and 4.5 mgkg = improved
performance for eight elite cross-country skiers compared
with PLA during a 10-min all-out performance test in C-PT
over two consecutive days. The improvement in performance

1
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was 4.0% for both CAF doses on the first day and 5.0% and
5.1% on day 2 for CAF3 and CAF4.5, respectively. Fur-
thermore, seven of eight test subjects improved performance
after ingesting CAF compared with that after ingesting PLA.
Results show the improvement in performance came as a
result of subjects’ increasing average speed, which was asso-
ciated with higher HR, VO,, lactate concentration, and adren-
aline concentration during the 10-min all-out test after CAF
ingestion. Interestingly, performance with intake of CAF was
the same for both competing days, although subjects reported
higher muscular pain in the arms and had higher CK values on
arrival on the second day in the CAF groups. On the basis of
our results, CAF may indeed assist in maintaining performance
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There is limited research on the physiological effects of caffeine
(CAF) ingestion on exercise performance during acute hypoxia. The
aim of the present study was therefore to test the effect of placebo
(PLA) and CAF (4.5 mg/kg) on double poling (DP) performance
during acute hypoxia. Thirteen male subelite cross-country skiers
(VO2max 72.6 = 5.68 ml-kg 'min~') were included. Performance
was assessed as /) an 8-km cross-country DP time-trial (C-PT), and 2)
time until task failure at a set workload equal to ~90% of DP VOzmax.
Testing was carried out in a hypobaric chamber, at 800 mbar (P105:
~125 mmHg) corresponding to ~2,000 m above sea level in a
randomized double-blinded, placebo-controlled, cross-over design.
CAF improved time to task failure from 6.10 = 1.40 to 7.22 £ 1.30
min (P < 0.05) and velocity the first 4 km (P < 0.05) but not overall
time usage for the 8-km C-PT. During submaximal exercise subjects
reported lower pain in arms and rate of perceived exertion (RPE)
following CAF ingestion. Throughout C-PTs similar RPE and pain
was shown between treatments. However, higher heart rate was
observed during the CAF 8 km (187 = 7 vs. 185 = 7; P < 0.05) and
90% C-PT (185 = 7 vs. 181 % 9) associated with increased ventila-
tion, blood lactate, glucose, adrenaline, decreased pH, and bicarbon-
ate. The present study demonstrates for the first time that CAF
ingestion improves DP time to task failure although not consistently
time trial performance during acute exposure to altitude. Mechanisms
underpinning improvements seem related to reduced pain RPE and
increased heart rate during CAF C-PTs.

exercise performance; hypoxia; heart rate; rate of perceived exertion;
and oxygen consumption

DURING THE 1968 OLYMPIC GAMES in Mexico City at an altitude of
2,240 m sprinters and jumpers set several world records while
long distance runners ran markedly slower compared with
sea-level results. This launched a scientific interest in under-
standing mechanisms explaining reduced endurance perfor-
mance under hypoxic conditions (4, 21, 44).

At sea level the lungs and the pulmonary system normally
have no problem fully saturating arterial blood with O3 (Spo,)
during rest or high-intensity exercise (3). However, when
exposed to hypoxia, the reduction in performance and VOamax
is highly related to pulmonary limitations in saturating hemo-
globin while passing alveolar ducts, due to reduction of partial
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pressure in the atmosphere (4, 21, 22, 32, 44). This phenom-
enon, known as the exercise-induced arterial hypoxemia (EIH),
is defined as Spo, = 92% (44), and despite ventilation (VE)
increases to prevent EIH during exercise, a greater reduction of
Spo, in arterial blood is evident during acute hypoxic exercise
compared with sea-level conditions (2, 4, 16, 17, 44). The
reduction in Spo, also triggers a compensatory acceleration of
heart rate (HR) during submaximal and maximal exercise to
prevent EIH (4, 12, 39, 44). However, a decrease in maximal
HR is well established when subjects are exposed to acute
hypoxia and may contribute to the observed reduction in
Voomax and exercise performance (2, 4, 25, 30, 39, 44) The
reason for the reduction in HRpeak is not entirely understood,
but it is believed to be associated with enhanced parasympa-
thetic neural activity due to decreased signals from skeletal
muscles (2, 9).

The extensive research related to the effects of caffeine
(CAF) ingestion (3-9 mg/kg) during sea-level testing shows it
is beneficial in most sporting conditions for improving endur-
ance performance (10, 14, 41, 42). However, the effects of
CAF ingestion on performance during acute hypoxia have so
far received little attention. Until now only two studies have
addressed the topic at altitudes above 4,300 m under standard-
ized laboratory conditions, whereas the upper limit used in
today’s elite sports competitions is ~2,000 m (5, 22). Interest-
ingly, one of the most consistent observations associated with
performance improvements after CAF ingestion is increased
HR (10, 14, 29, 41, 42). The explanation for higher HR
following CAF ingestion is increased intensity during time
trials and/or sympathetic neural activity explained by higher
adrenaline and/or inhibition of adenosine receptors (10, 14, 41,
42). Furthermore, studies have also found the increase in HR
and performance capacity to be associated with increased Vo,
(1, 27, 35, 41). However, if compromised oxygen saturation
limits performance during acute hypoxia, it could be hypoth-
esized that a potential increased HR following CAF ingestion
would not necessarily increase Vo, or improve performance as
previously observed during sea-level conditions.

The aim of the present study was therefore to test the effect
of CAF (4.5 mg/kg) ingestion on DP performance during acute
exposure (2 h) to hypoxia corresponding to 2,000 m (800
mbar) in a hypobaric chamber. To investigate the effect of
CAF on HR, Vo,, and endurance performance at altitude, an
8-km cross-country skiing double poling (DP) time trial per-
formance test (8-km C-PT) and a time to task failure at a fixed
workload (~90% of VOaeeax-pol-ai; 90% C-PT) was used.
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MATERIALS AND METHODS

Subjects. Thirteen healthy male subelite cross-country skiers gave
their written consent to participate after being informed of the purposes of
the study and risks involved. Their physical characteristics (means = SD)
were age 21.9 = 2.7, height 180.0 £ 3.7, body mass 77.4 = 5.6, VO2max
running at sea level (VOamaxrun) 72.6 = 5.7 (ml-kg™"min™"), VOomax
DP at sea level (VOamaxpol) 62.9 = 6.8 and VOamax DP at altitude
(VO2max-pot-ar) 53.8 = 5.3 mlkg™'min~". Inclusion criteria were male,
VO2max-run @bove 65 ml-kg™!-min~!, and training seriously to compete in
the Norwegian national cross-country skiing cup in the upcoming season.

Study design. The study had a randomized double-blind, placebo-
controlled, cross-over design and was evaluated and approved by the
Regional Ethics Committee of Southern Norway. The tests and
familiarization during the first 4 wk of the study were performed at
sea-level conditions at the Norwegian School of Sports Sciences
(120-m altitude, ~960 mbar). Testing included VOzmax running (week
1), familiarization DP training (week 2) and DP VOomax (week 3), a
test 8-km C-PT (week 3), and the main 8-km C-PT (week 4). The
remaining 5 test wk were carried out during acute (2 h) hypoxia in a
hypobaric chamber (Norsk Indervannsteknikk, Haugesund, Norway)
and included DP VOomax (week 5), a pre 8-km C-PT (week 5), two
main 8-km C-PTs (weeks 6 and 7) with and without CAF, and two
time to task failure tests at fixed workload ~90% of DP VOzmax-pol-alt
(weeks 8 and 9) with and without CAF.

Experimental procedures. At sea level subjects the first testing day
(day 1) performed a VOzmax-run test on a treadmill (Woodway, Weil
am Rein, Germany) and the highest HR was defined as HR max-run. HR
was measured during all tests in the study using a HR monitor (Polar
RS 800), with an error of measurement of less than *+1% as stated by
the manufacturer. Oxygen consumption and respiratory exchange
ratio (RER) were measured with the Oxycon Pro metabolic system
(Jaeger Hochberg). The Oxygen Pro is calibrated each month against
the Douglas bag method, and the error of measurement of this
ergospirometry measurement is reported to be =3%. The equipment
for measurement of Vo, was calibrated before tests with mixture
gasses with known concentrations of O and CO» (14.93% O, and
5.99% CO,) and normal air (~20.95% O, and 0.039% CO.) both at
altitude and at sea level. Volume was calibrated manually using a
3-liter pump (Calibration Syringe, Series 5530, Hans Rudolph Instru-
ments). During testing, subjects used a mouth V2 mask (Hans Ru-
dolph Instruments) in combination with a nose bracket. Expired air
was sampled through a hose into the mixing chamber (Oxycon Pro)
and analyzed with a turbine (Triple V volume transducer). The
VOomax-run test was performed with a standardized warm-up consist-
ing of four workloads lasting 5 min (8 to 11 km/h) with a 10.5° uphill
incline. A 1-min break was given between each workload during
which lactate was measured. After the last workload of the warm-up,
subjects walked 5 min at 5 km/h before starting the VOzmax-run test,
which was performed as a standardized ramp test. The starting speed
for the ramp test was 10 km/h with a treadmill incline of 10.5°. Each
half minute speed was increased by 0.5 km/h until subjects were
unable to maintain the speed and stepped off the treadmill (voluntary
exhaustion). On the basis of the standardized warm-up, a linear
regression was done to estimate ending O» cost. Results showed
subjects were performing supramaximal workloads the last 2-2.5 min
and were ending at workloads ~110-115% of reached VOzmax.
Furthermore, all 13 subjects had to meet point one and at least two of
the three other criteria to obtain VOamax-run: /) 0OXygen consumption
leveled off (plateau), meaning Vo, increased less than 1
mlkg™!min~!, while speed was increased two times 0.5 km/h; 2)
RER values were >1.10; 3) blood lactate was above 7.0 mmol/l
posttesting; and 4) rate of perceived exertion (RPE) =19 on the Borg
Scale 6-20 (8). VOomaxrun Was based on the average of the two
highest 30-s measurements, and the duration of the test was between
5.5 and 7.5 min. The protocol and criteria for reaching VOamax differ
from some other protocols used for testing of VOzmax (36). Indeed, it
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is debatable, therefore, whether all subjects reached VOomax. How-
ever, the fact that the athletes in the study were highly trained and
motivated could partially reduce the issue of whether VOymax was
reached. Furthermore, the VOzmax-run test was only used as an inclu-
sion test; only subjects with VOamax-run higher than 65 ml-kg™!-min !
were included for further participation.

Day 2 subjects performed 40 min of familiarization DP training on
the poling ergometer (Thoraxtrainer Elite) with workloads ranging
from ~55 to 85% of their HR max-run.

Day 3 subjects performed a VOzmax por test on the poling ergometer,
with the highest HR defined as HRmax-por. During the VOzmax-pol test
subjects performed a standardized warm-up for 10 min at a velocity
equal to 75% of their HRyax-run based on the familiarization training.
Thereafter, all subjects started at a velocity of 15 km/h, and speed was
increased by 0.5 km/h every 30 s the first 4 min, followed by 3 min
where subjects were instructed to maintain as high a velocity as
possible for a duration of at least 3 min. Criteria for that VOzmax-pot
was reached were the same as described for VOsmax-run-

Days 4 and 5 participants completed the pre-8-km C-PT and the
8-km C-PT at sea level, but without supplementation since this has
previously been investigated by Stadheim et al. (41). Furthermore,
Stadheim et al. showed that a minimum of one habituation trial of at
least one 8-km C-PT is required to obtain acceptable reliability
[coefficient of variation (%) ~1-2%]. The 8-km C-PT started with a
standardized warm-up performed as an incremental test with four
5-min workloads, equivalent to loads corresponding to 50, 55, 60, and
65% of subjects’ VOzmax-por With a 1-min break between each work-
load. HR, Vo0,, and RER were measured as means between 3 and 4.5
min of each workload. Subjective RPE according to the Borg scale
(from 6 to 20), and muscular pain in arms and legs were determined
(1-10 point scale) for each workload (8). Following the warm-up, a
5-min break was used for blood sampling and preparation for the
8-km C-PT. During the C-PTs subjects performed the test with the
goal of completing the distance in as little time as possible (41).
Subjects received the V2 mask and nose bracket ~1.5-2 min before
reaching 4 and 8 km for measurement of Vo,.

Altitude and hypoxic testing started in week 5. On day 6 subjects
performed the same protocol for testing of VOzmax-pot-ai as described
for sea-level VOamaxpol testing. In the hypobaric chamber, Vo, and
VE were measured using the Viaxoo (Sensormedics), which was
calibrated against the Oxygen Pro each week.

Day 7 participants completed the pre-8-km C-PT during hypoxic
conditions with the same protocol used during sea-level testing but
without the supplementation.

Days 8 and 9 subjects received either placebo (PLA) or CAF 75
min after acute exposure to hypoxia, meaning 45 min before the
standardized warm-up for the 8-km C-PT. However, compared with
during sea-level testing, five subjects expressed they “got too little
air,” resulting in vomiting reflexes when they received the V2 mask
and nose bracket for measurement of Vo, during pre-8-km C-PT in
altitude. For these athletes, Vo, measurements were not carried out to
optimize test conditions during hypoxic testing.

Days 10 and 11 a time to task failure at a fixed velocity equal of
~90% of VOzmax-pot-ait C-PT was performed in hypoxia. The velocity
used was estimated based on submaximal DP Vo, values during the
standardized warm-up before the 8-km C-PT based on a linear
regression. Subjects received either PLA or CAF 75 min after acute
exposure to hypoxia. Before the 90% C-PT, the same standardized
warm-up was performed as before the 8-km C-PT. The goal for each
subject was to maintain the individual fixed workload for as long as
possible. To optimize test conditions for all athletes during the 90%
C-PT, Vo, measurements were only sampled after 3 min.

Hypobaric chamber altitude testing. During all tests in hypoxia, air
pressure was reduced to 800-mbar equivalent to ~11.5 psi, or ~590
mmHg, simulating an altitude of ~2,000 m above sea level at 17°C.
To ensure maintenance of atmospheric gas concentrations (20.95% O
and 0.039% CO,) during all trials, concentrations were continuously
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measured for both Fico, with the Vaisala GMT222 Carbon Dioxide
Transmitter (Vaisala, Stockholm, Sweden) and Fico, with the PMA30
M&C O analyzer (Marseille, France). During the first 2 h (rest) of
acute altitude exposure, an ~1 1/min oxygen was added to maintain
atmospheric gas concentrations of air. During physical activity oxy-
gen consumption increased, thus additional oxygen was added to
maintain stable Fip,. On the basis of the pretests, ~3 1/min of extra
oxygen was added to cover the enhanced usage of oxygen during
physical activity but was adjusted (increased or reduced) according to
observed Fio, values for each individual hypoxic trail. Three gas
scrubbers containing Sofnolime filters and circulating fans worked as
CO; traps to try and ensure a stable Fico, concentration. However,
during the later stages of the C-PTs (~5-10 min) CO- production
from the subjects exceeded the capacity of CO, removal of the three
scrubbers. This resulted in an enhanced Fico, concentration of the air
inside the chamber with postvalues of CO. between 0.05 and
~0.08%. Even though CO, concentration increased, it never exceeded
0.08%; these CO, values are not considered dangerous for subjects
and are unlikely to influence test results. During rest and at sea-level
testing, Fico, concentrations were 0.04% as expected. Encouragement
was given during all tests by a blinded test leader.

Blood samples. For each main test, the first blood sample was
drawn at sea level before subjects went into the hypobaric chamber
and test leaders carried out testing at sea level. Blood samples were
drawn from the subjects’ median cubital vein using a BD Vacutainer
(Becton Dickinson, Franklin Lakes, NJ). A 7-ml blood sample was
drawn for all blood samples and placed in tubes containing EGTA/
gluthatione (20 pl 0.2 M glutathione and 0.2 M EGTA/ml blood) for
analysis of adrenaline, noradrenaline, and CAF. Blood samples were
immediately placed on ice water and centrifuged at 2,500 rpm for 10
min at 4 °C (Heraeus Megafuge 16R centrifuge; Thermo Electro).
Thereafter, plasma was divided in three Eppendorf tubes (Microtube
Superspin; VWR  International, West Chester, PA) and frozen at
—80°C. For each capillary sample the fingers were punctured by a
Saft-T-Pro Plus (Accu-Check, Mannheim, Germany) for measure-
ments of glucose, lactate, or bicarbonate. For measurement of blood
lactate, capillary blood samples were drawn into a 50-p capillary tube
and a 20-pl pipette was used to drawn blood into the analyzer from
the 50-pl capillary tube. The analyzer was calibrated with a 5.0
mmol/l lactate stock solution before each test and between the sub-
maximal workloads and main tests. Values between 4.95 and 5.05
mmol/l were accepted. Under normal circumstances the error of
measurements are =2% for blood lactate values between 0 and 5
mmol/l and *=3% for values between 5 and 15 mmol/l. Blood glucose
measurements were taken with HemoCue glucose 201" (Angelholm,
Sweden). For measurements of bicarbonate, a 125-pl capillary tube
was filled with capillary blood and then measured using a ABL 80
Flex (Radiometer, Brgnshgj, Denmark).

Plasma CAF and catecholamines. Samples of 200 pl plasma were
prepared and the subsequent measurements of caffeine and theophyl-
line were taken according to the method previously described in
Stadheim et al. (41). Plasma epinephrine and norepinephrine were
measured with a Cat Combi Elisa kit (DRG Instruments, Marburg,
Germany) according to the manufacturer’s instructions.

Treatments in the study included PLA (vehicle only) and CAF (4.5
mg/kg). CAF (Coffeinum; Oslo Apotekerproduksjon, Oslo, Norway)
was dissolved in a cordial concentrate, Fun Light (3 mg/ml), and was
prepared by the test leader.

Thoraxtrainer Elite. The cross-country DP ergometer used in the
study was a Thoraxtrainer Elite (Thoraxtrainer, Holb&k, Denmark).
Temperature in the test laboratory was between 16 and 21°C on all
test days. Ski poles used during all testing were Swix CTI (Swix,
Lillehammer, Norway) and length standardized to 85 * 2% of
subject’s height. The ski poles were attached to two sleds that moved
independently and were connected to a flywheel that provided resis-
tance. A computer displayed work output (W), km/h, and poling
frequency in real time. Resistance in the Thoraxtrainer is generated by
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air pressure, and the mean barometric air pressure for PLA and CAF
trials averaged 958 * 4 (sea level) and 800 = 7 mmHg (altitude),
respectively (P > 0.05). The Thoraxtrainer Elite was set at level 1
(easiest) of 10 different levels during all testing to optimize technique.
For more information about the DP technique and the Thoraxtrainer
Elite [see Stadheim et al. (41)].

Instructions to test subjects. All subjects were instructed to perform
only light training (and no strength training) the last 48 h before each
C-PT. To minimize variation in preexercise glycogen stores, diet and
exercise diaries were used to standardize food intake and training for
each subject. The subjects prepared for the C-PTs as they would for
a competition and tried to follow the same training and diet regimen
before all tests. Before all tests; there was a 7-day washout period
between each test. Subjects also refrained from CAF consumption
during the last 48 h before each test. Only three subjects in the study
had a high intake of CAF products on a daily basis (<150 mg). For
each main test subjects arrived at the laboratory at the same time (*15
min) and day of the week during all C-PTs.

Questionnaires. Pain in arms and legs was evaluated on a 1-10
point scale as described by Ritchie and Hopkins (37). Other question-
naires were used to evaluate motivation, current fitness, and sleep
quality using a scale from 1-100 (37).

Statistical analysis. All data are presented as means = SD, and
differences in performance during the 8-km and 90% C-PTs were
evaluated by a paired r-test. A two-way ANOVA for repeated mea-
sures was used to elicit differences in Vo,, HR, lactate, HCO;,
glucose, VE, muscular pain, and RPE during submaximal workloads
between the two treatments. If a significant f-ratio was found, a paired
t-test was used to test differences between treatments on workloads.
All data were tested for normal distribution using the Shapiro-Wilk
test. Statistical analyses were performed using SPSS, and the level of
significance was set at P < 0.05. Performance data were log trans-
formed to reduce the nonuniformity of error and then back trans-
formed to obtain the percentage difference in the means between the
treatment conditions. Precision of estimation was indicated with a
90% confidence interval (26).

RESULTS

- Comparison of sea-level DP results to acute altitude.
VOomax-pot Was 13.4% lower compared with running. When
athletes were exposed to acute altitude, VOzmax-pol-aic Was
further reduced to 14.5% compared with results at sea level and
was associated with a reduction in HRpcar of 2.2%. This was
reflected with subjects using 1.39 min longer to complete the
8-km C-PT at altitude compared with sea level (31.6 = 1.2
min), corresponding to an increase in time to complete the test
of 5.2% (see Fig. 2). The maintenance of higher velocity
during the 8-km C-PT at sea level was associated with higher
Vo, and HR (Table 1; see Fig. 2). On average Vo, was 12.5
and 10.5% higher, respectively, while HR was 2.2 and 2.5%
higher, respectively, at time points 4 and 8 km (Table 1; see
Fig. 2). However, subjects reported similar RPE, obtained
similar lactate and glucose values after the 8-km C-PT inde-
pendent of PLA test conditions (see Fig. 3).

Performance tests at altitude. The average time used to
complete each kilometer during the 8-km C-PT at altitude
showed a progressive reduction in velocity for both treatments
from start to finish (Table 2; see Fig. 2), and a nonsignificant
difference was observed between treatments (P < 0.22). How-
ever, a 0.9 = 1.3% (90% confidence interval) improvement
was evident in the CAF trial with 9 of the 13 subjects (69%)
completing the 8-km C-PT faster (Table 2; see Fig. 2). Indeed,
time used to complete the first half of the test (0—4 km) was
improved (P < 0.05), associated with higher Vo, HR, and Vg
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Table 1. Physiological and psychological measurements post the 8-km C-PT and task until failure at 90% of Voz,,,m_,m/_al, in

altitude

Sea Level

Post 8-km Altitude 2,000 m Above Sea Level (800 mBar) Post-8-km Altitude 2,000 m Above Sea Level (800 mBar) Post 90%

C-PT C-PT of ai Vo2max-pot-an C-PT
Qualitative Qualitative
Measure Placebo Placebo Caffeine inference P values Placebo Caffeine inference P values

Plasma caffeine, pg/ml (n = 9) No data 0.7+0.8 28.1 = 7.6* Very likely 0.01 1.5+27 30.3 =2.5%  Very likely 0.01
Epinephrine, nM (n = 13) 1.1 £0.7 1.6 £ 0.9 2.3 = 1.6% Very likely 0.16 1.6 = 0.8 2.5 £ 1.5%  Very likely 0.16
La™ post, mM 63+ 1.7 6915 8.2 = 1.6% Very likely 0.03 8321 9.8 = 2.1* Very likely 0.01
HRpeax, beats/min ™! 188 £ 10* 184 =7 187 = 7+ Likely 0.03 181 £ 9% 185 £ 7#*t  Very likely 0.05
Glucose, mM No data 7.1+ 1.8 8.2 £2.2% Most likely 0.01 6.1 =0.7 7.0 £ 0.9% Most likely 0.01
HCO;, mM No data 165 +23 13.7 = 2.0* Most likely 0.01 145*+19 12.9 = 1.7%  Most likely 0.01
pH No data 733 £0.05 7.29 £0.05%* Most likely 0.01 728 £0.04 7.27 £0.04 Unclear 0.50
Muscular pain arms (1-10) No Data 7.6+ 14 72+ 14 Likely 0.38 9.1+ 14 8.7+ 1.8  Likely 0.11
Muscular pain legs (1-10) No Data 39x25 37+28 Unclear 0.69 55*26 55*28 Unclear 0.74
RPE (6-20) 19505 19.7*0.6 194 =09 Likely 0.08 18.8 = 0.7 18.8 £ 0.5 Unclear 0.99

Data are given as means = SD. La~, blood lactate; HRpea, heart rate peak; HCO;, bicarbonate; RPE, rate of perceived exertion.

different from placebo between treatments. TMissing values from 1 subject. i

at 4 km during the CAF trial compared with PLA (Table 1; Fig.
1). During the second half of the 8-km C-PT (5-8 km) no
difference in time usage was evident between treatments,
associated with no difference in Voo, but with higher VE and
HR in the CAF trial (Tables 1 and 2; Fig. 1).

During the 90% C-PT subjects improved time to task failure
at the fixed workload following CAF consumption compared
with PLA (P < 0.02). On average, subjects maintained the
workload for 1.12 min longer, resulting in a 20.5 = 13.8% (*
90% CL) improvement, and 9 out of 13 subjects (69%) im-
proved time to task failure after CAF consumption. During the
90% C-PT no difference in Vo,, VE, or HR was observed after
3—-4 min between treatments (Table 1; Fig. 2). However,
subjects reached higher HRpeax and VE during CAF testing
compared with PLA (Fig. 2).

Blood values. Blood concentrations of CAF (plasma), lactate
(capillary), adrenaline (plasma), and glucose (capillary) were
all higher post both CAF C-PTs compared with PLA (Table 1).
In contrast blood bicarbonate (HCO5) was reduced in both
C-PTs, while a significant reduction in pH was only observed
after the 8-km C-PT (Table 1).

Table 2. Time used for each kilometer during the 8-km C-PT

*P < 0.05, significant
Missing values from 2 subjects.

Submaximal incremental test. Voz and HR linearly increased
from the first to the last of the four workloads during all
standardized warm-ups, independent of test conditions (Fig. 3).
However, higher Vo, was observed at sea level during sub-
maximal intensities due to higher velocity at the workload
since acute altitude lead to a reduction in VOppeak-pol-alt, Mean-
ing the relative workloads and velocity had to be reduced.
Despite this, similar HR and VE were required with lower Vo,
at acute hypoxia at the same submaximal percentage of DP
V03 pea. Furthermore, no difference was observed independent
of test conditions for RPE, blood glucose, or lactate at sub-
maximal exercise.

‘When exposed to acute hypoxia, no difference was observed
among treatments for Vo, VE, or HR during submaximal
exercise, but CAF ingestion resulted in elevated levels of blood
lactate (Fig. 3). Furthermore, CAF ingestion resulted in a
significant decrease in HCO; values after finishing the last
workload of the submaximal incremental test, respectively,
25.0 £ 1.0 (PLA) vs. 24.1 = 1.4 (CAF) 8-km C-PT, and
245 = 1.3 (PLA) vs. 234 = 1.4 (CAF) 90% C-PT. This
observation, however, was not reflected in changes in blood pH

during PLA and CAF trials

Placebo Caffeine %Difference, Effect Size,
Time, min Time, min +90% CL *+90% CL Qualitative Inference P Values

04 km

1 km 3.92 £0.29 3.86 = 0.28 -1.6 1.7 0.22 =0.23 Possible 0.11

2 km 4.06 = 0.33 3.96 = 0.33* —24*15 028 = 0.18 Likely 0.02

3 km 4.11 =034 4.05 £ 0.34 -1.7*x1.7 0.20 = 0.21 Likely 0.12

4 km 4.18 = 041 4.16 = 0.33 -04=*=19 0.04 = 0.15 Unclear 0.62

Average 04 km 16.27 = 1.31 16.02 = 1.24* -15*13 0.18 = 0.15 Likely 0.05
5-8 km

5 km 423 =044 4.17 = 0.37 —13*+22 0.12 = 0.20 Possible 0.27

6 km 427 =044 425 042 —04 £21 0.04 = 0.20 Unclear 0.69

7 km 427 =043 4.28 = 0.44 04+22 0.04 =0.22 Unclear 0.76

8 km 421 =042 42043 —04=*=18 0.04 = 0.17 Unclear 0.73

Average 5-8 km 170 = 1.7 169 = 1.7 -04 1.7 0.04 = 0.16 Unclear 0.76
8-km CC-PT 33.25 £2.95 32.94 = 2.86 -09=*13 0.10 = 0.14 Possible 0.22
90% of VOamax-pol-alt 6.17 = 1.67 7.36 = 1.55% 205+ 13.8 0.71 = 0.44 Very likely 0.02

Data are given as means * SD. Paired #-test was used to compare time on ea
between treatments (P < 0.05).

ch kilometer (placebo vs. caffeine). CL, confidence level. *Significant difference
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Blood sample Standardized warm-up Performance test (C-PT)
v v v v
CAF
PLA Or
) 5mi 5 min Smin | 5min 90%of
| -”5:)':/!:! Ssm;wn 60% 65% | break VOZmax-poI |
I 1 |
Time (min) 0 75 120 143 148 180

Fig. 1. Experimental design for all performance tests (C-PTs). Before the C-PTs, subjects performed a standardized warm-up (incremental tests) consisting of
4 intensities of a 5-min duration. A similar protocol to the C-PTs was completed at pretests, except that placebo (PLA)/caffeine (CAF) was not administrated,

and no blood samples were drawn.

between treatments either before or after finishing the stan-
dardized warm-up, respectively 7.41 = 0.02 (PLA) vs. 7.41 =
0.01 (CAF) 8-km C-PT, and 7.42 = 0.02 (PLA) vs. 7.42 =
0.02 (CAF) 90% C-PT. No difference in blood glucose was
observed between treatments during the incremental testing.
RPE was, however, reduced on the last three workloads of the
incremental test when subjects consumed CAF dosages com-
pared with that of PLA (Fig. 3). CAF ingestion also reduced
perceived muscular pain for the arms during all four workloads
before the 8-km C-PT, while this was only observed for the last
two workloads before the 90% C-PT. No difference in self-
reported muscular pain was observed for the legs between
treatments on any tests.

Other results. No differences were observed between groups
regarding responses to questionnaires, including “current fit-
ness,” motivation, amount of sleep (hours), or eating pattern
before the different treatments. Questionnaires revealed that
subjects before the 8-km C-PT and 90% C-PT reported: 81 =
11,80 = 12 (PLA), and 81 = 9, and 82 = 12 (CAF) on current
fitness (80 = very high). Ratings of motivation were 74 * 8,
69 = 10 (PLA), and 71 = 15,73 = 11 (CAF) (75 = high/very
high), (37). The questionnaires revealed that subjects were
unable to sense which product they received during the differ-
ent trials and that subjects had followed instructions given
regarding training, food, liquid, and CAF consumption the last
48 h before each C-PT.

DISCUSSION

The novel finding of the present study is that CAF ingestion
improved time to exhaustion by 20.5% during the 90% C-PT
for 13 subelite subjects. Subjects reduced time during the first
4 km of the 8-km C-PT, but the 0.9% reduction in time usage
for the whole 8-km C-PT was not significant (P < 0.22).
During all CAF C-PTs, higher HR, VE, blood lactate, glucose,
and epinephrine and lower blood HCO; and pH (8-km C-PT)
were observed compared with PLA. Furthermore, subjects
reported lower RPE and muscular pain in arms during CAF at
submaximal intensities.

To the authors’ knowledge we are the first to investigate DP
performance during acute exposure to moderate hypoxia
(2,000 m). Results show that during sea-level testing subjects
reached 13.4% lower DP VoOom.x compared with running.
These results are comparable to previous studies that have
observed that even elite cross-country skiers obtain ~10%
lower Voomax While DP (11, 41, 42). Therefore, although the
partial pressure of O, was reduced during acute hypoxia

exercise, cardiac output (Q) might not limit DP VOomax OF
endurance performance. Nevertheless, a reduction in altitude
DP Voomax (14.5%), performance (5.4%), and HRpear (2.2%)
similar to previous studies while cycling or running was
observed (4, 12, 23, 44). During the 8-km C-PT, reduc;ion in
performance was associated with 12.5 and 10.5% lower VOamax
and 2.4 and 1.7% lower HRpeax and mean at 4 and 8 km,
respectively. These results indicate DP endurance capacity and
performance in acute hypoxia are limited by both supply and
extraction, associated with lower HR and Vo, (21, 32, 44).

The major finding in the study was that CAF improved
performance during the 90% C-PT, comparable to Fulco et al.
(22) who found that CAF improved time to exhaustion during
acute exposure to hypoxia while cycling at 4,300 m. Berglund
and Hemminggson (5) have previously reported that CAF
improved cross-country skiing performance during time trial
testing at an altitude of 2,900 m. In the present study a
nonsignificant effect of CAF ingestion was observed for the
8-km DP time trial. However, subjects completed the first 4 km
faster and reduced overall time usage with 0.9% with a possi-
ble effect with magnitude based statistics. Indeed, it is well
documented that CAF improves sea-level exercise perfor-
mance, and we have previously found that CAF improves DP
performance during the 8-km C-PT (14, 28, 29, 41, 42). The
improvements following CAF ingestion are linked to the in-
hibiting of A; and A, adenosine receptors, reducing RPE and
pain sensations due to their involvement and effects on noci-
ception (10a, 15, 18, 24, 33, 41, 42).

In the present study plasma CAF concentration of ~30
png/ml would partially inhibit A; and A, adenosine receptor
activation (18). Results during CAF submaximal exercise show
a reduction in both RPE and muscular pain in arms despite
increased blood lactate and reduced blood bicarbonate
(HCO3). However, subjects reported maximal effort during
both CAF and PLA C-PTs. Indeed, CAF’s ability to lower
sensation of pain and RPE may therefore be beneficial for
higher performance during the 90% C-PT since the test re-
quires no pacing strategy, as intensity is predetermined. How-
ever, higher velocity during the first 4 km of the 8-km C-PT
due to lower pain and RPE could result in higher blood lactate
and lower HCOj3 and pH leading to intracellular perturbations.
Early perturbations during the 8-km C-PT could impair overall
performance and may explain why the increased velocity was
not sustained. The fact that CAF improved the 90% C-PT but
not significantly the 8-km C-PT may indicate that pacing
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Fig. 2. A: time, speed, heart rate, VE, and Vo, displayed as means during the 8-km C-PT at sea level and 2,000-m altitude during PLA and CAF testing. B: time,
speed, heart rate, VE, and Vo, displayed as means during the 90% C-PT at 2,000 m altitude during PLA and CAF trials. Values are listed as means = SD.
*Significant difference between PLA and CAF altitude (P < 0.05). #Significant difference between PLA sea level and CAF/PLA altitude (P < 0.05). Note: Vo2

measurements are missing 5 subjects.

strategy can become inefficient when CAF is ingested at
altitude.

Increased exercise duration during the CAF 90% C-PT
would require a higher energy production if work efficiency
was not improved. Results from the present study show HR,
VE, and Vo, increased similarly during the first part of the 90%
C-PT, but higher HR was observed at exhaustion in the CAF

trial. During the standardized warm-up, HR, VE, and Vo, also
increased in a similar measure for both treatments. These
results indicate that CAF does not influence cardiac output or
work efficiency during submaximal or maximal exercise.
Rather, the fact that subjects increased lactate and reduced
HCO;5 post-CAF C-PTs indicates a larger anaerobic energy
contribution.
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Researchers have observed that the acute effects of hyp-
oxia have a minor negative effect on anaerobic capacity
(20). An effective way of improving performance following
CAF consumption would therefore be to improve the anaer-
obic energy system by reducing HCO; and pH and by
increasing lactate production (6, 31, 34). Numerous studies
have demonstrated that metabolic acidosis is an important
contributing factor to fatigue during prolonged high-inten-
sity exercise (34). During exercise, hydrogen ions produced
are transported to the bloodstream and buffered by blood
HCOj in an attempt to maintain normal pH in exercising
muscles to preserve high-intensity performance (6, 34). The
increased reduction in HCO5; during CAF C-PTs would

Workload % of VO ,ay.pol-at

indicate a larger amount of H* efflux from muscles was
buffered by blood HCO; possibly preserving favorable
intracellular conditions in muscle for high performance.
However, improved anaerobic capacity only partly explain
improvement during the 90% C-PT. It was therefore inter-
estingly to observe that in contrast to previous acute altitude
studies, subjects reached similar HR as in sea-level 8-km
C-PT testing during the CAF trials.

In the present study lower HRpeak and V02 were achieved
when comparing sea-level and hypoxia 8-km C-PT results. The
reduction in HR during acute exposure to hypoxia is believed
to be related to enhanced parasympathetic neural activity due
to decreased signals from skeletal muscles (2, 9). Fascinat-
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ingly, HR was higher and similar to sea-level values during the
CAF 8-km time trail at altitude and associated with increased
Vo, at 4 km. Increased HR is actually one of the most common
observations related to improved sea-level performance after
CAF ingestion, and has also been accompanied by higher Vo,
(1, 27, 35, 41). The Fick equatiqn states that a higher HR and
similar stroke volume increases Vo,, if the A-Vo, difference is
maintained (7, 38). Yang et al. (45) observed that CAF inges-
tion had no effect on activity, Vo,, and HR in mice lacking A,
and A, receptors compared with normal wild mice. A; recep-
tors are expressed in the human heart where they inhibit
adenylyl cyclase (19, 43), and an inhibition following CAF
ingestion could increase sympathetic neural activity leading to
higher HR and/or maintained contractility qualities of the heart
(Q) (18, 42, 45).

In the present study neural activity and Q were not mea-
sured. Therefore the effects of the increase in HR on O,
delivery following CAF ingestion during DP exercise should
be interpreted with caution. However, Gonzalez et al. (25)
demonstrated that an increase in HR by atrial pacing increased
Q, Voomax and pe_rformance in hypoxia. During CAF testing,
higher HR and VE were observed during C-PTs associated
with higher Vo, and velocity in the first 4 km of the CAF
8-km C-PT. The increase in plasma adrenaline and VE might
also counteract an increase in vagal nervous drive to the
heart due to input from pulmonary stretch receptors (23, 39).
It is therefore tempting to suggest that the increase in HR
increased O, delivery and ATP production in working
muscles, thus improving performance quality during CAF
C-PTs.

The results from the present study are also of interest for
sports performance since CAF has been widely used by elite
endurance athletes in competitions since its removal from the
World Anti Doping Agency list in 2004 (13). The topic is also
important because competitions including the Olympics and
world championships are sometimes held at moderate altitude
(1500-2,000 m) in sports such as cycling, running, and cross-
country skiing. Furthermore, it has been reported that the
within-athlete variability in performance times in elite cross-
country skiing races is ~1.1-1.4%, and the smallest worth-
while enhancement is 0.3-0.4% (40). The observed improve-
ment of 0.9 * 1.3% during the 8-km C-PT, although not
significant (P < 0.22), might therefore still have an effect on
results in real life competitions.

Conclusion. The present study demonstrates for the first time
in sport-specific exercise and standardized laboratory condi-
tions that CAF might assist in maintaining performance quality
at moderate altitude. Results show that CAF ingestion im-
proved DP time during the 90% C-PT with 20.5%. CAF
ingestion also reduced time usage the first 4 km, and although
not significant, a 0.9% reduction in time usage was observed
for the whole 8-km C-PT. The mechanisms underpinning
improvements seem to be related to reduced pain and RPE;
increased HRean, peak, epinephrine, and lactate accumulation;
and reduced HCOj5 . Furthermore, the study shows that perfor-
mance and Vo, and HR responses while DP during acute
hypoxia are comparable those reported in studies using exer-
cises where the leg muscles are most active such as when
cycling or running.
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Abstract

VO:zmax and the accumulated oxygen deficit (O-deficit) are shown as high interpretations for
explaining performance differences between athletes. Caffeine ingestion (CAF) is shown as
an effective ergogenic aid where improved performance is often associated with higher
ventilation (Ve), heart rate (HR), and lactate accumulation (LA-). Higher Veand HR could
improve conditions for increasing VOamax, While increased LA- indicates a greater Ox-deficit.
The aim of the present study was therefore to test the effect of CAF (4.5 mg - kg™
bodyweight) on time, VVO2max and O,-deficit during a standardized ramp performance test
Method: 23 elite endurance trained male athletes ( VVOzmax 76.3+1.4 ml-kgt-min?)
participated in the study performed in a randomized double-blinded, placebo-controlled,
cross-over-design. Performance was assessed as time, VOzmax and O-deficit during the
performance test. Oral ingestion of CAF or PLA was consumed 45 min before a standardized
warm-up. Results: Following CAF both running time (+19.4 sec, 5.5%), VOamax (+0.9 ml -kg®
L. min, 1.2%) and Oz-deficit ( 6.4 ml -kg™, 10.1%) was significantly improved (p<0.05),
associated with higher HRpeak, VEpeak and LA-. Furthermore, when the improved running
duration was adjusted for the increase in; VOzmax, O2-deficit, HRpeak, Vepeak and accumulated
LA- following CAF ingestion time was reduced with 63.5% from 19.4 to 7.1 s. Conclusion:
The present study is the first to demonstrate that CAF ingestion can increase VOamax While
running. Improvement in running time seems related with higher VVOzmax, O2-deficit, HRmax,

Ve and accumulated LA.

Keywords: Exercise performance, oxygen consumption, heart rate, oxygen deficit and lactate



Introduction

Improved exercise performance after caffeine ingestion (CAF) in dosages between 3-9 mg
- kg body wt is well documented (1-4). The mechanisms explaining CAF ergogenic effects
are today believed related to the inhabitation of adenosine receptors reducing rate of perceived
exertion (RPE) (1-4). During submaximal exercise lower RPE is reported, while during time
trial testing (TT) similar RPE is observed despite higher work intensity post CAF (5-9). It
therefore seems that subjects increase work intensity during caffeine TT to reach similar level
of RPE, and by doing so improve performance. However, a higher work intensity following

CAF would require a higher production of ATP, unless work efficiency is improved (10-12).

In exercise science, anaerobic glycolysis for production of ATP is often estimated by
measuring the accumulated oxygen deficit (O2-deficit) during exercise (13). O.-deficit is
shown as a remarkable good physiological parameter for explaining performance differences
between athletes during high intensive exercise (13-16), and improved performance following
CAF have indeed been explained by increased O.-deficit during high intensive performance
tasks (17;18). However, during exercise of longer duration (4 min <), ATP regeneration is
primarily limited by aerobic phosphorylation depend on continuous O availability (10;19),

and the effects of CAF on O»-deficit during such exercise have not been investigated (17;18).

The highest rate at which Oz can be taken up and utilized by the human body has been
termed the maximal oxygen uptake representing the integrated capacity of the pulmonary,
cardiovascular and muscle systems to uptake, transport and utilize O (10;20;21). All though
limiting factors, and test protocols for truly reaching VOamax in humans has been a topic of
great controversy and discussion since introduced in the 1920s. There is today a broad
agreement that VOamax is an important measurement for explaining endurance performance in

several sports (12;22-24).



Furthermore, despite the fact inhibition of adenosine receptors following CAF is linked to
the reduction of RPE, adenosine receptors are also expressed in the human heart and lungs
where inhibition could affect pulmonary and cardiovascular functions. Higher HR and Ve are
actually two of the most consistent observations associated with improved TT following CAF

(7;25-27). The Fick equation states that a higher HR, with similar stroke volume (SV), should

lead to higher cardiac output (Qc), consequently increasing oxygen consumption if the
arterio-venous difference is unchanged (19;28). Furthermore, pulmonary functions
consequently effecting Ve is shown in several studies to limit oxygen consumption and
VO:zmax due to reduced O-saturation in highly trained endurance athletes (29-31). Indeed
though rarely measured, studies have found improved TT performances post CAF to be
associated with increase oxygen consumption (9;17;27;32;33). However, a study thoroughly

investigating if CAF can increase VO.max have to date not been completed.

The aim of the present study was therefore to investigate the effects of CAF (4.5 mg - kg™
bodyweight) ingestion on time, O2max, and O2-deficit during a ramp performance test. We
hypothesized that CAF would improve running duration of the ramp test either as a result of

higher VVO2max, Or improved O-defict.

Materials and Methods

Subjects: Twenty three healthy male endurance trained athletes (cross-country skiing,
running and triathlon), gave their written consent to participate in the study after being
informed of the purposes of the study and risks involved. The study was reviewed by the
Regional Ethics Commit (REK sgr-gst B; 2011/2554) concluding that especial approval from
REK was not required in order to performed the study as described, and the study was

conducted according to the Declaration of Helsinki. Test subjects physical characteristics



(mean+SD) were age 24.0 + 1.0 (yr.), height 182.1 + 1.3 (cm), weight 73.5 + 1.6 (kg), VOzmax
running ( VOamax) 75.9 5.8 (ml - kg - min't). Inclusion criteria were that all subjects had to

be: male, have VOumax above 65 ml - kg™ - mint, and that they would train seriously to

compete in national or international endurance competitions the upcoming season.

Experimental Procedures: The study used a randomized double-blinded, placebo-
controlled, test-retest, cross-over-design. Before the main VO.m.x performance testing started,
each participant performed a pre-test to familiarize with the test procedure, and to verify all
subjects had WO.max above 65 ml - kgt - min. The study had one dropout because of illness

after the inclusion test.

Pre-test: During the pre-testing all subjects performed a standardized incremental test
consisting of four workloads at 7, 8, 9 and 10 km - h"t each lasting five minutes. All
workloads were performed with a 10.5° uphill incline on the treadmill (Woodway, Weil am
Rein, Germany), and one minute break was given between each workload. Oxygen
measurements from the four workloads where then used to conduct a linear regression
estimating the individual oxygen cost for calculation of Oz-deficit during the VO2max
performance tests previous described by Medbo et al (13).. The linear regression was also
used to calculate individual speeds equal to 55, 60, 65 and 70 % of WOamax performed as a
standardized warm-up (incremental test) before each main VVO.mx performance tests. When
the standardized incremental test was finished all subjects walked five min at 5 km - h,
before starting the pre \/Oamax test. Starting velocity during all testing was 10 km - h'l with a
uphill incline of 10.5° on the treadmill. The VO performance tests was performed as a
ramp test where velocity was increased with 0.5 km - h each half minute until subjects were
unable to maintain the speed and stepped/jumped off the treadmill. The highest HR and Ve

during the test was defined as HRpeak and Vepeak. Requirements for that \/Omax Was reached



during all testing was that oxygen consumption reached a plateau, meaning VO increased less
than 1 mL - kg - min', while speed was increased two times 0.5 km - h. Additionally RER
values should be above 1.10 and post blood LA- above 7.0 mM. VVO2mex for each subjects was
based on the average of the two highest measurements measured over one whole minute.

Subjects with VO2max higher than 65 ml - kg™ - mint during the pre-test were included.

FIGURE 1 AROUND HERE

\VOumax performance tests: Each subject in total completed four VO,max performance
tests over a two week period. During each week one test was performed with CAF and the
other with PLA in a randomized fashion. Before all main VO tests, all subjects measured
both resting HR and lung function at arrival, and 30 minutes after consuming either PLA or
CAF. The lung function testing consisted of measurements of fraction of exhaled nitric oxide
(FEno) and maximum expiratory flow volume. After finishing the lung function testing
subjects were given a 10 minute break before starting the standardized warm-up. The warm-
up consisted of four workloads from 55-70% of \VOamax, €ach on lasting 5 minutes, with a one
minute break in between were blood glucose and LA- was measured. All workloads of the
warm-up were performed with a 10.5° uphill incline on the treadmill (Woodway, Weil am
Rein, Germany). During each workload HR, VO, and RER were measured as means between
the 3-4.5 min of each workload. Subjective RPE was evaluated according to the Borg-scale (6
to 20) (34). Following the warm-up, a 5-min break was used for pre blood sampling of LA-,
glucose and HR registration and last instructions to subjects were given. The goal for each
subject was to run for as long duration as possible during the WOamax performance tests.
Performance was measured as time until task failure during the test. During all testing
subjects did not receive information regarding time, velocity or physiological measurements.

Requirements for that VVOamax Was reached during all testing is described above in the pre-test.



Encouragement was not given during any tests from the blinded test leader to ensure this did

not affect performance outcome. After finishing the VOamax performance tests subjects were
given a 5 minute break before they finished the testing that day with post measurements of

lung function and filling out questionnaires.

Measurement and calculation of O2-deficit: During the pre-testing all subjects
performed a standardized incremental test consisting of four workloads each lasting five
minutes from 7 to 10 km - h%, at an 10.5° uphill incline on the treadmill. VO,-measurements
where carried out between 2.5-4.5 min of each 5 min period, and the mean determined as a
subjects oxygen cost for the velocity. After this oxygen cost for the four work loads during
sub-maximal exercise was used to make a linear regression estimate oxygen cost during the
different velocities of the VVO.m.x performance tests as previously described by Medbo et al

(13). Collection of expired air started 15 seconds before the starting the VVO2mex performance
tests and continuously until subjects reach task failure (when they stept of the treadmill). The
difference in estimated oxygen cost for the whole running period, and measured oxygen
uptake for the same period was then calculated as subjects O-deficit. In the present study O»-
defecit was not adjusted for the contribution of the body’s oxygen stores to the energy supply.

This contribution has been estimated to be ~10% depending on running duration (17).

Measurement equipment: During all exercise testing oxygen consumption and RER
were measured with a Oxycon Pro metabolic system (Jaeger Hochberg, Germany). Before
each individual tests the Oxygen Pro was calibrated with mixture gasses with known amount
of Oz and CO:2 (14.93% O and 5.99 % COz) and normal air (approx 20.90 % O and 0.04 %
CO»). Volume was calibrated manually using a pump containing 3 liters of volume
(Calibration Syringe, Series 5530, Hans Rudolph Inc., MO, USA). During all testing air was

collected using a mouth VV2-mask (Hans Rudolph Instr., USA) in combination with a nose



bracket. Expired air was led thru a hose into the mixing chamber (Oxycon Pro) and analyzed
with a turbine (Triple V volume transducer). Both the hose and VV2-mask were always tested
for leakage prior to each individual test. Heart rate (HR) was measured using a HR monitor

(Polar RS 800, Finland), were the error of measurement stated by the producer is + 1 %.

Lung function: Spirometry was measured by maximum expiratory flow volume loops
according to European standard (35), and recorded as forced expiratory volume in the first
second (FEV1), forced vital capacity (FVC) and forced expiratory flow in 50 % of FVC
(FEFs0). Lung function measurement was performed using MasterScreen Pneumo Jeager®

(Wirzburg, Germany) and reference values are according to Quanjer et al (1993)(35).

Exhaled nitric oxide (FEno): FEno was measured by the single breath online technique
according to American Thoracic Society (ATS)/ERS guidelines (36). The subject was in a
seated position and instructed to breathe quietly. To avoid potential contamination from
ambient NO, the subjects inhaled NO-free air close to total lung capacity, immediately
followed by a full exhalation for at least 6 seconds at a constant flow of 50 ml's™. The
constant flow rate was maintained with the aid of a visual feedback system. The expiratory
pressure was kept between 5-20 mmHg to close the soft palate and eliminate nasal NO. FEno
measurements were assessed prior to pulmonary function tests and were recorded as a mean
value from three successive reproducible plateaus. A chemiluminescence analyzer,
EcoMedics CLD 88 Exhalyzer® (Eco Medics AG, Duerten, Switzerland) (measurement
range of 0.1-5000 parts per billion (ppb) was used and calibrated daily by a certified

concentration of NO.

Pre testing information: All subjects were informed to only perform light training the

last 48 hours before each VVO:max performance tests. To minimize variation in pre-exercise

glycogen stores, diet and exercises diaries were used to standardize food intake and training



for each subject. The subjects prepared to the tests as prior to a competition, and instructed to
follow the same training and diet regime before each test. Subjects had also to refrained from
CAF the last 24 h before each test day. Seven out of the 23 subjects in the study had a high
intake of caffeine products on a daily basis (< 150 mg). On each of the four main testing days
subjects arrived to the laboratory at the same time (£15 min) of the day. The first week the
two first tests were performed with a washout period of three days between each test. Before
test three a washout period of four days were given so subjects would perform test three and

four the following week on the same weekdays as during the first week.

Capillary samples for measurements of glucose and LA- were taken from the finger
tips punctured by a Saft-T-Pro Plus (Accu-Check, Mannheim, Tyskland). For measurement of
blood LA- capillary blood samples were drawn into a 50 pl capillary tube and a 20 pl pipette
was used to was to drawn blood into the analyzer from the 50 ul capillary tube. The analyzer
was calibrated with a 5.0 mmol - I* lactate stock solution before each test. Values between
4.95 mmol - I'* and 5.05 mmol - It was accepted. Under normal circumstances the uncertainty
of measurements are +2% with LA- values between 0 and 5 mmol - I}, and + 3 % for values

between 5 and 15 mmol - |1,

Blood glucose was measured by filling microcuvets (HemoCue Glucose 201) with
blood. The microcuvets was placed in a HemoCue Glucose 201* (HemoCue Glucose 201",

Angelholm, Sweden) and analyzed. Measurements take 20-60 seconds.

Treatments in the study included PLA (vehicle only) and CAF (4.5 mg - kg'). CAF
(Coffeinum, Oslo Apotekerproduksjon, Oslo, Norway) was dissolved in a cordial concentrate
Fun Light (3 mg/ml) and was prepared at the laboratory at the Norwegian school of sports

sciences. Ingestion of PLA or CAF was done 45 minutes before subjects stared the

standardized warm-up, meaning after 75 min before the VVO.mx performance test.



Questionnaires: were used to evaluate motivation and "current fitness" using a scale
from 1-100 (9). Sleep amount was evaluated by approx. hours of sleep prior to each test. In
addition, 30 min post product ingestion, and before leaving the laboratory after each trial

subjects answered what product they believed they had received.

Statistical Analysis: All data in the study are presented as means + standard , and

differences in performance during the 8 km C-PT were evaluated by a paired t-test. A two-way

ANOVA for repeated measures was used to elicit differences in HR, LA, VO, glucose, and
RPE during submaximal workloads between the two treatments. If a significant f-ratio was
found, a pared t-test was used to test differences between treatments on a workload. All data
were tested for normal distribution using the Shapiro-Wilk. Statistical analyses were performed
using GraphPad Prisim 6, and the level of significance was set at p<0.05. Performance data
were log-transformed to reduce the non-uniformity of error and then back-transformed to obtain
the percentage difference in the means between the treatment conditions. Precision of

estimation was indicated with 90% confidence limits (37).

Results

\O2max performance tests: Athletes completed two tests during each of two
consecutive weeks following either caffeine or placebo ingestion. Caffeine improved time-to-
voluntary exhaustion (performance) in both weeks. In the first week, caffeine increased time
to exhaustion by 18 s (355 + 41 vs. 373 £ 40 s, p <0.001) compared to placebo, and by 21 s in
the second week (355 + 44 vs. 376 £ 45 s, p <0.001), the average effect being 19.4 s (5.45%;
P<0.001; Figure 1A). Time to exhaustion was highly reproducible, with no statistical
difference between the two trials with placebo (p=0.78), or with caffeine (p=0.74); this was

reflected in high intra-class correlations of coefficient (ICC) of 0.90 and 0.94, respectively.
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Mean maximal oxygen uptake increased by 0.9 ml - kg -mint (1.2%; p<0.003) after
caffeine ingestion compared to placebo. ICC values for VO, were >0.95 for both conditions.
The Oz-kinetics was similar between CAF and PLA until the last minute where higher VO amax
was reached with CAF (76.7+6.0 vs 75.845.6 ml - kg™* -min™). The higher \VOumx after CAF
ingestion contributed to the longer running time at the performance test, since statistical

adjustment for VVOamax reduced the CAF effect in running time from 19.4 s to 15.4 s.

FIGURE 2 AROUND HERE

HR and Ve during the performance test developed similarly after PLA or CAF during
the first part of the test; however, higher maximal HR and Ve values were reached during the
last minute of the test after CAF ingestion compared to PLA. Specifically, HRpeax increased
from 191 + 8 to 193 + 9 beats - min'! during the VO2max test under the influence of CAF
compared to PLA (p < 0.001), and maximal ventilation (Vepeax) increased from 187.8 + 17.8
(PLA) to 192.2 + 15.3 | - min'! after caffeine ingestion (p<0.001) (Table 1). The increase in
Oqzmax after caffeine ingestion was attenuated to 0.7 ml - kg™ -min (p<0.001) after adjustment
for the increase in HRpeak. Importantly, when WO Was adjusted for Vepeak the effects of
caffeine on VVO.max decreased by about 50%, and the effect was no longer significant (p=0.11).
Despite higher Vepeak breathing frequency (BF) was not significantly higher after CAF

ingestion (60 + 7 vs 59 * 9 breaths - min-1, p< 0.07; Figure 3). When running duration was

adjusted for VOumax, Vepeak and HRpeak there was still a 11.7 s (p<0.001) improvement in
running duration after CAF compared to PLA, to which most likely anaerobic processes
would have contributed.

FIGURE 3 AROUND HERE

The accumulated oxygen deficit during the VVOamax performance test increased from

63.1+18.2 in PLA to 69.5+17.5 ml -kg* with CAF ingestion (p<0.02). Blood lactate values

11



where higher post CAF compared to PLA (8.54+1.02 vs 7.94 mM+1.06; p<0.001) (Table 1).
Calculations showed that the anaerobic processes (O2-deficit) covered 14.743.1 and 15.0+2.7
% of total O2-cost in placebo and caffeine trials. When running duration at the performance
test was adjusted for both O-deficit and LA- concentration, the effect of CAF was reduced
from 19.4 to 13.2 s (p<0.001). With additional adjustment for \/Omax this effect was reduced
to 8.0 s but still significant (p<0.001), and with further adjustment for Vepeak and HRpeak this
effect was reduced to 7.1 s but still significant (p=0.003). For measurements of O-deficit, the
ICC was 0.61 and 0.64, respectively for PLA and CAF trials; for LA-, ICC values were 0.46
and 0.39. Plasma glucose after the performance tests were also higher in caffeine compared to
placebo trials (7.9+1.1 vs 7.3£0.9 mM; p<0.001). The highest RER during the performance
test was independent of test conditions (1.11+0.04 and 1.11+0.04 for placebo and caffeine,

respectively).
TABLE 1 AROUND HERE

During the submaximal incremental testing repeated measurements ANOVA showed
that oxygen uptake, HR, Ve, BF, RPE and blood LA- increased progressively from the first to
the last of the four workloads (Table 2). HR and VO, were similar after PLA and CAF at
submaximal loads (treatment effect: p=0.077 for means of the two tests), whereas Ve and LA-
were higher after CAF than PLA ingestion (p<0.001), but no significant interaction was
observed. Furthermore, RPE was lower after CAF compared to PLA ingestion (Treatment
effect, p<0.029; table 2) post hoc analyses showed lower RPE at the two highest workloads

after CAF.

TABLE 2 AROUND HERE
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Lung function measurements performed at arrival, 30 minutes post PLA/CAF

ingestion, and post VO.max performance test showed no difference between CAF and PLA
trials for FENO, FEV1, FVC or FEF (Table 3).

TABLE 3 AROUND HERE

Questionnaires showed no difference between CAF and PLA trials regarding “current
fitness” and motivation. Prior to the test subjects reported motivation of: 77 + 14, 79 + 16
(PLA), and 76 £ 14, 76 £+ 14 (CAF) before tests (75 = high/very high), and 79 + 17, 82 + 12
(PLA), and 79 + 14, 81 + 14 (CAF) after the teste. Ratings pre testing of form of the day were
62 + 11,62 + 13 (PLA), and 61 + 13, 63 + 12 (CAF) (65 = high) (25) before, and post 62 £
11, 65 = 14 (PLA), and 67 = 15, 79 + 14 (CAF). Furthermore, the questionnaires revealed that
subjects were unable to sense which product they received during the different trials with 50%
answering uncertain. Of the subjects that answered that they knew the treatment (caffeine or
placebo), about ~50% guessed wrong product both pre and post testing independent of
treatment ingestion. Amount of sleep (hours), training, intake of food and liquid intake did not
differ before tests, and showed that subjects had followed instructions given regarding

training, food, liquid and CAF consumption the last 48 h prior to each C-PT.

Discussion

In the present study CAF improved running duration by 5.5% during the VOamax
performance test, with as much as 91.3% of participants improving performance. The high
reproducibility for running duration during both placebo and caffeine trials was reflected in
strong ICC of 0.90 and 0.94, indicating CAF was an effective stimulate for improving running
duration during the VO,max performance tests. To the authors knowledge the present study is

the first to observed CAF increases VOamax (+1.2%), but improved running duration was also

associated with increased O-defict (+10.1%). Specifically, 69.6% of participant in the study
13



improved VVOumax, and 72.7% O,-deficit following CAF. Results indicate improved

performance, VOumax and O,-deficit following CAF was associated with subjects reaching

hlghel’ HRpeak (+12%), VEpeak (+23%) and LA' (+63%)

Several studies have found CAF to been an effective stimulant improving exercise
performance despite usage of different muscle groups and test protocols (5;8;9;25;26). The
mechanisms explaining improvements following CAF seems multifunctional, but most likely
related to the inhibition of adenosine receptors reducing RPE (1;2;4). In the present study
CAF resulted in an reduction in RPE during the standardized warm-up (1;25). The caffeine
(4.5 mg - kg'!) dosage ingested in the present study would lead to peak plasma caffeine
concentrations of 25~35 pM reducing adenosine receptor activation, possibly explaining
reduction in RPE during submaximal exercise (5;9;25). This means that CAF might have
allowed higher discomfort during the VVO2zmax performance test, and the authors therefore
speculate that in order to reach maximal RPE subjects increased running duration.
Nevertheless, an increased exercise duration following CAF would require a higher
production of ATP either by aerobic or anaerobic processes, unless work efficiency was
improved (10-12). Results from the present study indicate no change in work economy
following CAF since HR, Ve and VO increased in a similar linear fashion independent of
treatment ingestion during submaximal (Table 2) and maximal exercise (Figure 3). There was
actually a tendency for higher VO, measurements (p<0.077) following CAF during

submaximal which would indicating reduced work economy and reduced performance.

Inhibition of adenosine receptors could also affect pulmonary and cardiovascular
functions since they are expressed in the human heart and lungs (38). Specifically, an
inhibition of the As-receptos in the lungs is observed leading to a bronchial dilation, by which

pulmonary functions for gas exchange during exercise could be improved (10;38). Studies
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have found CAF to be a strong ventilatory stimulant, increasing the sensitivity of both
peripheral chemoreceptors in untrained subjects as well as Ve during exercise for highly
trained endurance athletes (5;30). In the present study no change in lung function (FENO,
FEV1, FVC or FEF) pre or post performance test was observed between treatments. However,
during maximal exercise higher Ve was observed following CAF, despite similar BF as the
placebo trail (Table 1). The increase in Vepeak during the caffeine VOamax performance tests
could have improved conditions for O saturation (29;31). Several studies have found that
maximal Ve indeed can limit maximal oxygen consumption for highly trained athletes during

exercise (29-31). This is perhaps even more evident during hypoxic testing where pulmonary
functions and O saturation directly represents a limiting factor for VOzmax and performance

(5;39). Furthermore, when adjusted for Vepeax the effects of CAF on VVOumax decreased by

about 50%, and the effect was no longer significant (p=0.11).

Inhibition of Az receptors in the heart following CAF could also affect cardiovascular
functions (9;38;40). Mice lacking A1 and Az receptors is observed to have no effect of CAF on
HR or activity compared to normal wild mice (40). It is also reported that an increase in Ve

would counteract to increased vagal nervous drive to the heart due to input from pulmonary
stretch receptors (41;42). The “classical view” of VOamax is that maximal rates of O
utilization and production of ATP in skeletal muscles are limited by cardiovascular functions
(10;43). It is estimated that 70-85% of limitations in VO.mx during sea level testing are linked
to Qc, meaning that in most situations \/O.max is primarily limited by the Qc (10;44).
Supporting this assumption is the observation that elite endurance athletes have higher VOamax
primarily due to higher Qc (19;45). The increased HRpeak following CAF during the VOamax

performance could therefore increased ¢, consequently increasing oxygen consumption, if

15



the arterio-venous difference and SV were maintained (19;28). In the present study, statistical

analyses suggest that increased HRpeak explained 0.2 ml - kg - min of the increase in VOamax.

In the present study neural activity, SV, arterio-venous difference and Qc was not
measured, so the effects of the increased HRpeak and Vepeak 0n O2 delivery following CAF
ingestion while running should be interpreted with caution. Still, during both pre and the two
main PLA tests subjects were unable to reach as high HRpeak, Vpeak and VOamax as during CAF
testing (Table 1). This was reflected in very high ICC values for /O 0f 0.95 during both
PLA and CAF trails. Furthermore, the observation that the increase in VOamax after CAF was
attenuated to 0.7 ml - kg -mint (p<0.001) after adjustment for the increase in HRpeax, and
further more with ~50%, after adjustment for Vepeak, the changes in HR and Ve seem

important for explaining increased VVOamax following CAF.

It could be speculated that subjects increased VOamax during caffeine trials due to the
fact that they were able to increase running duration, meaning being unable to reach the
famous plateau concept. Contradicting to this is the observation that when comparing the last
30 s of the placebo trial vs the same time point during the caffeine trial, there is already here a
tendency (p< 0.12) for increased oxygen consumption (Figure 3). Certainly, the combined
increase in VO, Vpeak and HRpeak reached during caffeine trails would improved conditions
for exercising muscles to extract oxygen and when running duration was adjusted for VVOzmax,
VEepeak and HRpeak running duration was reduced form 19.4 to 11.7 s (p<0.001). The remaining
improvements after CAF compared to PLA, we therefore speculated anaerobic processes

would explain.

In the present study anaerobic processes (O»-deficit) accounted for 14.7+3.1 and

15.0+2.7 % of total Oz-cost during the VOumax performance test in placebo and caffeine VOomax
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trials, respectively. Studies have suggested that the total amount of anaerobic energy produced
during a TT are fixed (46). However, it has been observed CAF ingestion can promotes the
quantity of anaerobic energy produced during high-intensity exercise (17;46). Specifically,
Doherty (1998) observed CAF ingestion (5 mg- kg body wt) improved running duration
during a short turn exercise (~2-3 min) for 9 highly trained male athletes ( \WVOzmax >60).
Performance was measured as running until exhaustion at a velocity of ~125% of VOamax 0N &
treadmill with an uphill incline of 10.5%. The improvements were mainly explained due to a
11.1% improvement in O2-deficit (17). These results are very comparable to results in the
present study both due to methodical design, CAF and the observed improvement in O»-
deficit (10.1%). However, our data also shows that CAF increases O»-deficit during longer
exercise tasks (6-6.5 min). Furthermore, statistical calculations show that when running
duration was adjusted for both O-deficit and LA-, the effect of CAF ingestion was reduced
by 31 % from 19.4 to 13.2 s (p<0.001). Based on results from the present study the increase in
both O»-deficit and LA- therefore seems important contributing factors for the improved

running duration during the WOamax performance test.

Conclusion

The present study shows for the first time that CAF resulted in higher VVOamax While
performing a standardized WO:msx performance test. The increase in VOamax and Oz-deficit
seem important for explaining the 5.5 % longer running duration during the VO 2zmx
performance test. Results indicate higher VVO.mex came as a result of increased HRpeax and
VEpeak, While the larger O2-deficit seems associated with the increased LA- during CAF
exposure compared to PLA. Furthermore, when the improved running duration was adjusted
for the increase in; VOamax, O2-deficit, HRpeak, Vepeak and accumulated LA- following CAF

ingestion time was reduced with 63.5% from 19.4t0 7.1 s.
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Legends

Figure 1: Experimental design. A: Top line shows pre-tests and main testing during the 3 weeks used to

complete the VO amex test for one subject. B: The bottom figure shows the test procedure for all VO2max

performance tests. Prior to the VO amax test, subjects performed a standardized warm-up (incremental test)

consisting of four intensities all lasting five minutes.

Figure 2: A) Individual and mean performance: duration, VO 2mex and O,-deficit obtain during the VO2mex
performance tests after PLA (open symbols) or CAF (filled symbols). B) Percent change in running duration,
\V/O2max and O,-deficit following CAF consumption compared to PLA for each subject. Values are listed as

means + SD. * Significant different from PLA ftrials (p<0.05)

Figure 3: A) 30 sec measurements for VO3, HR, Ve, BF and RER during PLA (open symbols) and CAF (filled
symbols) VOZmax performance tests B) The last 120 seconds for each individual shown as mean for the group

for VOz, HR, Ve, BF and RER. Values are listed as means + SD. * Significant different from PLA trials

(p<0.05).
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FIGURE 1

Week 1 2 3
A | | 1 | 1 |
1 | ' | ' |
Pre-test Test 1(T1) T2 T3 T4
B Standardized warm-up VO, ... -performance test
Messurement CAF
of lungfuction PLA
+ ¢ + 5 Smin Smin +
5min o 70% 755
I 60% 65%
| 1 |
Time (min) -15 0 35 45 71 76 ~80-82 85
Start: warm-up 5 min
(incremental) break
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Abstract

Introduction: Caffeine (CAF) intake is known to improve endurance performance, as well as
counter movement jump (CMJ) height. However, whether improved neuromuscular function,
as judged by improved CMJ height, contributes to prolonged running performance and lower
rate of perceived exertion (RPE) is unknown. The purpose of the present study was therefore

to test the effect of CAF (4.5 mg - kg™) ingestion on CMJ height and RPE during running
until voluntary exhaustion at 80% of VO.mex. Methods: 11 male sub-elite endurance athletes (

VOum 71.0 £ 5.6 mL - kg - min't) were included in the study, which used a randomized,
double-blinded, placebo-controlled, cross-over design. Results: CAF ingestion improved time
until voluntary exhaustion by 8:40 min (10.0%). RPE was lower and CMJ heights were higher

during the performance test following CAF ingestion compared to placebo. However, CMJ

did not decline during running until exhaustion in either placebo (PLA) or CAF trials. VOZ,
heart rate (HR), substrate oxidation, respiratory exchange ratio, blood lactate, and glucose
were similar between treatments. At exhaustion, HR and blood lactate were higher in CAF
compared to PLA. The longer running time to exhaustion after CAF ingestion was also
associated with higher plasma creatine kinase activity, but plasma troponin T was similar.

Conclusion: The present study demonstrated for the first time that a longer running time to

exhaustion at 80% of VO following CAF ingestion was associated with higher CMJ

height and lower RPE.

Keywords: Exercise performance, rate of perceived exertion, substrate oxidation, work economy and oxygen consumption



Introduction

Caffeine (CAF) is commonly ingested by endurance athletes to improve exercise
performance (Graham, 2001; Del, Munoz, & Munoz-Guerra, 2011). The mechanisms
explaining the ergogenic effects of CAF (3-6 mg - kg?) ingestion during exhausting exercise
were initially thought to be related to a lower respiratory exchange ratio (RER), and increased

free fatty acids in the bloodstream (lvy, Costill, Fink, & Lower, 1979). Since elite runners

maintain intensities of ~80% of VOZmadering half-marathon and marathon competitions,
sparing of glycogen following CAF ingestion could be beneficial for performance outcomes
by avoiding glycogen depletion (Joyner & Coyle, 2008; Coetzer et al., 1993; Abbiss &
Laursen, 2005). However, several studies have failed to observe glycogen sparing following
CAF ingestion, both when measured as RER during steady state exercise (Graham & Spriet,
1991), and as glycogen content in muscle biopsies post prolonged exercise (Graham, Helge,
MacLean, Kiens, & Richter, 2000). During prolonged endurance exercise, such as a half
marathon, RPE increases due to fatigue (Rustad et al., 2016; Abbiss et al., 2005; Fobes,
1989). A reduction in RPE as observed following CAF ingestion would therefore be
favourable for sustaining a given workload for a longer period of time, and could explain
performance improvements (Stadheim, Myhr, Olsen, Spencer, & Jensen, 2015; Stadheim et
al., 2013; Stadheim, Spencer, Olsen, & Jensen, 2014; Doherty & Smith, 2005; Gonglach,

Ade, Bemben, Larson, & Black, 2016; Graham, 2001).

During prolonged competitions, several factors have been shown to be important in
maintaining high performance (Joyner et al., 2008; Coetzer et al., 1993; Abbiss et al., 2005).
Despite the development of exhaustion being a complex phenomenon, exhaustion represents
the inability to sustain further exercise at a required power or workload, and is considered to

be largely dependent on two separate processes (Millet & Lepers, 2004; Froyd, Millet, &



Noakes, 2013). Peripheral fatigue occurring in the muscle itself (including depletion of
carbohydrates and contractile functions, and/or the build-up of end products of metabolism),
and central fatigue reducing the initiation or transmission of electrical activity in motor
neurons (Froyd et al., 2013; Abbiss et al., 2005). It is generally accepted that fatigue during
short term exercise is primarily caused by metabolic or muscular functions (Millet et al.,
2004). During prolonged exercise, the aetiology of fatigue is more complex, but
neuromuscular fatigue is often defined and quantified by measurements of changes in
maximal voluntary contraction (MVC) shown to be reduced during prolonged running
exercise (Froyd et al., 2013; Millet et al., 2004; Overgaard et al., 2004). Several methods are
used to assess muscle function during exercise and exhaustion (Froyd et al., 2013). The
measurement of counter movement jumping (CMJ) heights is popular and practical method,
which has shown a close relationship with muscular functions and MVC measurements
(Rouis et al., 2015; Young, Cormack, & Crichton, 2011; Driss, Lambertz, Rouis, Jaafar, &
Vandewalle, 2015). It has recently been suggested that augmented strength and motor-unit
recruitment, rather than a sparing of glycogen or reductions in effort, may underlie CAF’s
ergogenic effect on endurance exercise (Black, Waddell, & Gonglach, 2015; Graham, 2001,

Warren, Park, Maresca, McKibans, & Millard-Stafford, 2010).

Several studies have found that CAF ingestion can increase power production (Warren
et al., 2010; Black et al., 2015; Beck et al., 2006). Specifically, CAF ingestion is observed to
improve MVC as well as CMJ height (Black et al., 2015; Lopes, Aubier, Jardim, Aranda, &
Macklem, 1983; Bloms, Fitzgerald, Short, & Whitehead, 2015; Graham, 2001). Increased
power through strength training is also reported to improve running performance (Guglielmo,
Greco, & Denadai, 2009; Paavolainen, Hakkinen, Hamalainen, Nummela, & Rusko, 1999;
Warren et al., 2010). Improved or the maintenance of power following CAF ingestion during

prolonged exercise tasks could therefore very well postpone the development of fatigue,



reduce RPE and improve performance. However, improved neuromuscular function as judged
by improved CMJ heights during prolonged running exercise following CAF ingestion have

not been performed to verify this assumption.

The aim of the present study was therefore to investigate the effects of CAF (4.5 mg -

kg!) ingestion on CMJ and RPE during running until voluntary exhaustion at 80% of VOsmax.

Materials and Methods

Participants: Eleven healthy male sub-elite endurance-trained athletes gave their written
consent to participate in the study after being informed of the purposes of the study and risks
involved. The study was reviewed by the Regional Ethics Commit (REK sgr-gst B;
2013/1243) concluding that especial approval from REK was not required in order to
performed the study as described, and the study was conducted according to the Declaration

of Helsinki. Subjects physical characteristics (mean + SD) were age 23.9 + 2.8 years, height
181.9 + 3.0 cm, weight 76.6 % 7.1 kg, VO running ( VOuma) 71.0 £ 5.6 mL - kgt - min'L.

Inclusion criteria were: male; VO, <65 ML - kg - min't; and training in excess of 500
hours a year, where running was a large part of the total training volume.

Study design: The study had a randomized, double-blinded, placebo-controlled, cross-
over design. All tests were performed at the Norwegian School of Sports Sciences (120 m
altitude) from September through November in 2014 and 2015. Treatments in the study
included CAF (4.5 mg - kg body wt') and placebo (PLA) (vehicle only). Caffeine
(Coffeinum, Oslo Apotekerproduksjon, Oslo, Norway) was dissolved in Fun Light cordial

concentrate (3 mg/mL) and was prepared by the lead researcher. Before all performance tests,
participants underwent a VO, test to establish that they had a level above 65 mL - kg™* -

min’, and to calculate running velocity during the performance tests (80% VOzmax).



Experimental Procedures: On the first test day (“day 1") participants performed aV
Ozmax test while running on a treadmill (Woodway, Weil am Rein, Germany) and the highest
heart rate (HR) was defined as HRmax. During all testing HR was measured using a HR
monitor (Polar RS 800, Kempele, Finland), with an error of measurement stated by the
manufacturer as + 1 %. Oxygen consumption and RER were measured during all tests with an
Oxycon Pro metabolic system (Jaeger, Hochberg, Germany) and air was collected using a
mouth V2-mask (Hans Rudolph Instr., Shawnee, KS, USA) in combination with a nose

bracket. The error of measurement of this ergospirometry measurement system is reported to

be + 3 % by the manufacturer (Stadheim et al., 2014; Stadheim et al., 2013). The VO test
was performed with a standardized warm-up consisting of four workloads lasting 5 min (8 to
11 km - h) with a 5.3° uphill incline. A 1 min break was given between each workload, during

which lactate (LA-) was measured. After the last workload of the warm-up, subjects walked

for 5 min at 5 km - h'l, before starting the VOpmax test. Starting speed was set at 10 km - h't
with a treadmill uphill incline of 10.5°. Every half minute, speed was increased by 0.5 km - h
until subjects were unable to maintain the speed, thus reaching voluntary exhaustion. All 11

subjects had to meet criterion 1, and at least two of the three other following criteria: 1)

oxygen consumption levelled off, meaning VO increased less than 1 mL - kg™t - mint, while

speed was increased twice by 0.5 km - h; 2) RER values were above 1.10; 3) blood lactate
was above 6.0 mmol/L after the test; and 4) RPE >19 on the Borg Scale 6-20 . VOex Was

based on the average of the two highest 30-second measurements. Subjects with VO 1

higher than 65 mL - kg™* - min™ were included in the study.

Instructions to test subjects: All subjects were instructed to perform only light training
(and no strength training) in the 48 h before each test. Subjects were also asked to refrain from

any CAF consumption during the 48 h before each test. Only five subjects in the study had an



intake of CAF products on a daily basis (< 150 mg), while the remaining test subjects did not
consume CAF on a daily basis. Subjects were also instructed to prepare for the two main tests
as they would prior to a competition, and to follow the same training and diet regimes before
both tests. Diet and exercise diaries were therefore kept by participants to ensure instructions
given had been followed. On each main testing day subjects arrived at the laboratory in a fasted
state, at the same time (£15 min) and on the same day of the week. For each main test, the first
blood samples were drawn before subjects performed two CMJs. After this a standardized
breakfast was eaten to minimize variation in pre-exercise glycogen stores. The standardized
breakfast was a meal consisting of 2.0g of carbohydrates and 0.25g of protein - kg body wt™.
The meal consisted of three pieces of bread with Nutella, and the remaining amount of
carbohydrate and protein was given as a sports drink mixed in 0.5 L of water. The standardized
meal was also consumed in order to ensure stable RER measurements during testing.
Consumption of CAF or PLA was done 90 min after the standardized breakfast, and 30 min
post this ingestion the second measurement of CMJ was performed. During performance testing
water was offered throughout the whole performance test to ensure participants where hydrated.

A 7 day washout period was provided between each of the two main performance tests.

Main Performance tests: On "Day 2" and "Day 3" subjects performed the two running

performance tests until voluntary exhaustion at a work load/velocity equal to 80% of VO e
with a 5.3° uphill incline on the treadmill. When starting the main performance tests, subjects
completed a standardized warm-up protocol lasting 8 min (Fig.1). The warm-up was performed
as a consistent incremental test as part of the first 20 min interval. The standardized warm-up

consisted of four 2-min workloads, with a velocity equal to ~60, ~65, ~70 and ~75% of subjects’

VOumax. The standardized warm-up was performed to avoid early intracellular perturbations

affecting running performance. The running performance test was built up as an interval test,

with sets lasting 20 min at 80% of VO:max (except the first 8 min of the first set) and breaks
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between each set. Immediately after finishing a 20 min set, subjects performed two CMJs on a
force platform. A 1 min break was given between the first, third and fifth sets, while a 3 min
break was given between the second and fourth sets (Fig 1). The reason for the 3 min breaks

was that during this period a venous blood sample was taken from the cephalic vein after

finishing the CMJs. During all testing, HR, VO, and RER were measured as means between
minutes 3-5, 8-10 and 17-19 in each interval set. Subjective ratings of perceived exertion (RPE)
according to the Borg Scale (from 6 to 20) were determined for each interval set at the time
points 5,10 and 20 min. Capillary blood samples for measurement of both glucose and lactate
(LA-) were taken while running, at 7.5 and 15 min in each set. Capillary blood samples were
taken from the fingertip, and measurement of glucose was done using a cuvette (HemoCue
glucose 201*; Angelholm, Sweden) and LA- analysis was conducted using a YSI 1500 Sport
lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH, USA). Encouragement was
given during the performance test until subjects rated the test workload at 18 or higher on the
Borg Scale. After this no encouragement was given by the researchers. During performance
tests, subjects could see the remaining time for each interval until they reported 18 on the Borg
Scale. After this time point, all information regarding time was removed to blind test subjects

between trials.
FIGURE 1 AROUND HERE

Counter movement jumps (CMJs) in the present study were performed on a force
platform from Biomekanikk AS (Oslo, Norway). The force platform uses a sandwich
construction with one Vetek VZ563YH-200 kg load cell (Hantverksvagen 15. 76493
VADDO, Sweden) in each corner to calculate force. Calculation of CMJ heights was done
using the impulse method (Linthorne & NP, 2001). The software (Biojump, Oslo, Norway)

samples force data with a frequency of 2000 Hz, using a Butterworth low pass filter with a


http://www.biomekanikk.no/

cut-off frequency of 120 Hz. CMJ tests were performed on arrival, post ingestion (30 min),
after each 20 min running period and at exhaustion (Fig 1). Before each CMJ, the subject's
body weight was measured on the force platform. CMJs were performed starting from
standing with straight legs and beginning with a counter movement down to a knee angle of
90 degrees. The hands were held on the hips during the jump to avoid any effect of arm-
swing. The subjects were instructed to always take off and land in the same position, marked
with tape on the force platform. A valid jump required that the landing was done with straight
legs (Fig 1). Each subject performed two CMJs and the average of the two jumps was used as
the subject’s CMJ height for that time point. If one of the two CMJs was not completed as
instructed above, a third CMJ was performed to ensure a valid result. The two jumps that
were closest in height were then used to calculate the subject’s CMJ height at that time point.
The time between subjects stepping off the treadmill and performing the first CMJ was on

average 12+2 sec and the time to the second jump was on average 17+2 sec.

Blood samples: All blood samples for measurements of creatine kinase (CK) activity
and troponin T were drawn from the subjects’ median cubital vein using a BD Vacutainer
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). A 7 ml blood sample was
drawn for all blood samples and placed in tubes containing EGTA/gluthatione [20 ul 0.2 M
glutathione and 0.2 M EGTA per ml blood] for analysis of adrenaline, noradrenaline, and
caffeine. Blood samples were immediately placed in ice water and centrifuged at 2500 rpm
for 10 min at 4 °C (Heraeus Megafuge 16R centrifuge, Thermo Electron, Osterode am Harz,
Germany). Thereafter, plasma was divided into three Eppendorf tubes (Microtube Superspin,
VWR International, West Chester, PA, USA) and frozen at -80°C. Analyses of CK and
Troponin T from blood samples were conducted by Radium Hospitalet (Ullernchausseen 70,
0379 Oslo). The enzymatic photometry method was used for analyses of CK and Troponin T

by electrochemiluminescence immunoassay.



For each capillary sample a finger prick was performed using a Saft-T-Pro Plus (Accu-
Check, Mannheim, Germany) for measurements of glucose or LA-. For measurement of blood
LA-, capillary blood samples were drawn into a 50 pl capillary tube and a 20 pl pipette was
used to draw blood into the analyzer from the 50 pl capillary tube. The analyzer was
calibrated with a 5.0 mmol - I'* lactate stock solution before each test and between the
submaximal workloads and main tests. Values between 4.95 mmol - It and 5.05 mmol - I
were accepted. Under normal circumstances the errors of measurement are + 2% for blood
LA- values between 0 and 5 mmol - I'* and + 3 % for values between 5 and 15 mmol - |2,
Blood glucose measurements were carried out as previously described by Stadheim et al

(2013) (Stadheim et al., 2013).

Calculations of carbohydrate and fat oxidation were done for each 20 min interval,

based on RER and VO, values for each period as outlined by Peronnet and Massicotte
(Peronnet & Massicotte, 1991). Questionnaires were used to evaluate motivation, " current

fitness" and sleep quality using a scale from 1-100 (Stadheim et al., 2014).

Statistical Analysis: All data are presented as means * standard deviation (SD), and
differences in performance during running until voluntary exhaustion were evaluated using a

paired t-test. A two-way ANOVA for repeated measures was used to elicit differences for time

or treatment effects for CMJ, HR, LA-, VO,, glucose, and RPE during testing. If a significant f-
ratio was found, a paired t-test was used to test differences between treatments at specific time
points. All data were tested for normal distribution using the Shapiro-Wilk test. Statistical
analyses were performed using SPSS (IBM, New York, NY, USA), and the level of significance
was set at p<0.05. Performance data were log-transformed to reduce the non-uniformity of

error. Precision of estimation was indicated with 90% confidence limits.
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Results

Running performance: CAF ingestion increased participants time until voluntary
exhaustion with 8:40 min, resulting in a 10.0% improvement, and 10 out of the 11 subjects
(90.9%) improved their time to task failure after CAF consumption (Fig 2). Specifically,

running durations for PLA and CAF trials were 75:20+14:28 and 83:44+12:23 min (P<0.05),

respectively. During both tests RPE, HR and VO increased gradually from start to finish,
independent of product ingestion (Fig 3). However, RPE was lower during CAF trials
compared to PLA after the first 7 minutes of running until voluntary exhaustion. However, at
voluntary exhaustion no difference was observed in RPE between treatments. The RER values
showed a progressive decline as an effect of increased duration for both treatments (Fig 3).
However, no difference was observed in carbohydrate or fat oxidation between PLA and CAF
trials. Blood glucose values were stable and did not change during running until voluntary
exhaustion for either of the two treatments (Fig 4). The increase in blood LA- values was
similar between treatments during the first 67 min of the performance test. However, higher
blood LA- accumulation was observed at voluntary exhaustion in the CAF trial compared to

PLA (Fig 4).
FIGURE 2 AND 3 AROUND HERE

CMJ heights: At arrival, no difference was observed between treatments for CMJs
(p<0.91). At 30 min post CAF ingestion there was a tendency to higher CMJs compared to
PLA (p<0.11). During the performance test, CMJ heights were significantly higher for CAF
compared to PLA (Fig 4). The CMJ heights for PLA and CAF trials respectively were: 20
min - 30.2£3.3, 32.0+3.1 cm; 40 min - 30.6+4.0, 32.6£2.3; 60 min — 30.2+4.3, 32.3+£3.0; and
at voluntary exhaustion - 30.4+3.9, 32.0+3.3 cm (Figure 4; P<0.05). Body weight measured

prior to all CMJs showed a progressive reduction during the tests, with no difference between

11



treatments. Despite consuming water throughout the whole test, subjects’ bodyweights
reduced by 1.4+1.8 kg (approx 1.9%) and 1.7+2.2 kg (approx 2.2%) during the PLA and CAF

trials from start to voluntary exhaustion (Table 1).
FIGURE 4 AND 5 AROUND HERE

CK and troponin T were higher for both PLA and CAF trials at voluntary exhaustion
than at arrival (Table 1). However, during the CAF trials significantly higher CK values were
observed at voluntary exhaustion compared to PLA. Measurements 24 h post performance
testing showed no difference between PLA and CAF for either CK or Troponin T despite the

increased running duration in the CAF trial.
TABLE 1 AROUND HERE

Other results: No differences were observed between groups regarding responses to
questionnaires, including “current fitness”, motivation, amount of sleep (hours) or eating
patterns before the different treatments. There was also no difference between participants
consuming CAF on a daily basis (test subjects 2, 5, 6, 7 and 8) and non-consumers in percent
improvement during the performance test following CAF ingestion. Furthermore, the
questionnaires revealed that participants were unable to sense which product the