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Abstract 

 
The effect of beetroot juice on exercise tolerance in normoxia and moderate hypoxia 
 
AIMS: 
Beetroot juice (BR) has been shown to lower the oxygen cost of exercise in normoxia, 
and may also be beneficial to performance in hypoxia. We investigated the effect of BR 
on steady state economy and 10-km time trial (TT) performance in normoxia and in 
hypoxia (simulated altitude of 2500 m).  
 
METHODS: 
Twelve trained male cyclists (VO2max ≥ 60 ml·kg-1·min-1) completed four exercise trials. 
Two hours prior to exercise, subjects consumed 70 mL BR (~6 mmol nitrate) or 70 mL 
placebo (nitrate-depleted BR) in a randomized, double-blind manner. Subjects then 
completed a 15-min self-selected cycling warm-up followed by a 15-min steady-state 
exercise bout at 50% of maximum power output and a 10-km time trial (TT) in either 
normoxia (~21% O2) or hypoxia (~16% O2). Environmental conditions were randomized 
and single blind.  
 
RESULTS: 
Economy at 50% power output was similar in hypoxic and normoxic conditions (p > 
0.05), but subjects had a significantly higher mean power output in the normoxic TT 
relative to the hypoxic TT (p < 0.05). BR did not affect economy, mean power output, or 
time to complete the 10-km TT relative to placebo in normoxia (p > 0.05 in all 
comparisons). Similarly, in hypoxia, BR did not affect economy, steady state SpO2, mean 
power output or time to complete the 10-km TT relative to placebo (p > 0.05 in all 
comparisons). BR supplementation resulted in a significantly greater fraction of expired 
nitric oxide relative to PL (28 [12] vs. 22 [9] ppb).  
 
CONCLUSIONS: 
In a small sample of well-trained male cyclists, BR did not improve exercise performance 
in normoxia or hypoxia. This finding is possibly related to BR dosage, although it is 
congruent with previous evidence showing that BR may be less effective in trained 
populations in normoxia. The lack of an effect in hypoxia was contrary to our hypothesis.	  
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1. Introduction 

 

1.1 Overview	  

At altitude, decreases in the barometric pressure and the alveolar partial pressure 

of oxygen result in less oxygen reaching the tissues (reviewed in Sheel et al., 2010). The 

drop in available oxygen detrimentally affects aerobic capacity. For example, O2max 

decreases by ~6%/1000 m between 300 m and 2800 m above sea level (Wehrlin and 

Hallén 2006). These factors combine to reduce overall training quality, particularly with 

acute hypoxic exposure in absence of acclimatization. As athletes often train and compete 

at moderate altitude (i.e., 1500-2500 m), the ability to maintain high exercise intensity is 

important for performance.  

Beetroot juice (BR), a supplement with a naturally high concentration of nitrate 

(NO3
-) has gained popularity with endurance athletes aiming to improve performance. 

There is evidence to suggest that dietary NO3
- improves oxygen delivery (Masschelein 

2012), lowers blood pressure during exercise recovery (Larsen et al., 2010; Kenjale et al., 

2011), and increases mitochondrial efficiency through an improved oxidative 

phosphorylation ratio (Larsen et al., 2011). When oxygen is less available from the 

environment (e.g. at altitude), BR may have even greater physiological effects (Dauncey 

2012); however, the efficacy of acute BR supplementation for exercise performance in 

moderate hypoxia requires further research. As hypoxia limits aerobic capacity, the 

potential benefits of BR are particularly relevant to aerobic exercise.   

  

1.2 Aerobic exercise	  

Aerobic exercise, which involves continuous whole body or large muscle mass 

exercise, stresses the cardiorespiratory system. Generally, moderate intensity constant-

load exercise can be sustained for relatively long periods of time due to the predominant 

use of fatigue resistant slow-twitch muscle fibres. These fibres have a slower contraction 

speed, meaning they utilize ATP at a slower rate; therefore, sufficient ATP production 

can be maintained through aerobic metabolism (McArdle et al., 2007). Over time, the 

V
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result of endurance training is increased aerobic capacity, or an improved ability to 

maintain a given power output or velocity (Jones and Carter 2000). Improved aerobic 

capacity is indicative of better endurance performance (reviewed in Jones and Carter 

2000), making improved aerobic capacity a central goal of many training programs. 

Exercise causes an acute stress response throughout the body. At rest, energy 

production requires oxygen, which is brought in through the lungs and diffuses to the 

blood within the pulmonary vasculature. The oxygenated blood flows back to the heart 

where it is pumped into the systemic circulation (McArdle et al., 2007) where the oxygen 

diffuses into the tissue. Exercise increases the demand for oxygen, and the body responds 

with an increase in tidal volume, breathing frequency, heart rate and stroke volume, all of 

which help to maintain sufficient blood flow and oxygen delivery to support the working 

muscles (West 2007). Improved oxygen delivery is supported by increased extraction at 

the tissue level, which also facilitates the maintenance of elevated energy production. 

During aerobic exercise the main energy pathway is oxidative phosphorylation. At low, 

continuous exercise intensities, fat is the primary fuel for energy production, while higher 

intensities rely predominantly on carbohydrate metabolism (McArdle et al., 2007). Over 

time, these acute responses to exercise result in chronic training adaptations that improve 

the body’s ability to maintain a work rate substantially above resting rates over prolonged 

periods.  

1.2.1 Adaptations to endurance exercise 

 Aerobic training causes both peripheral and central adaptations that act to enhance 

oxygen delivery to the mitochondria as well as enhance the ability of muscles to use the 

available oxygen (McArdle et al., 2007). The training-induced increase in plasma volume 

and red blood cell mass increases the volume of blood passing through the heart, which 

results in cardiac remodeling—most notably physiological hypertrophy of the left 

ventricle—to help reduce strain on the myocardium during exercise (Ellison et al. 2011). 

In trained athletes, increased stroke volume accounts for most of the increase in cardiac 

output, as maximal heart rate is often unchanged or lower in comparison to untrained 

individuals (Wilmore et al., 2008). The increased cardiac output allows for increased 

perfusion of exercising muscles. At the muscle level, there is increased capillarization to 

accommodate greater blood flow and increased myoglobin content to improve oxygen 
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delivery to the mitochondria. Greater energy demand on muscles requires a 

commensurate increase in energy production. The increase in energy production is 

facilitated by greater mitochondrial density and size (Wilmore et al., 2008). Chronic 

endurance exercise has also been found to cause vascular remodeling, resulting in 

widened vessels and increased vascular tone (Niebauer and Cooke 1996). High shear 

stress promotes secretion of vasodilators (Paszkowiak and Dardik 2003) that are 

important for maintaining blood pressure. Highly trained athletes repeatedly experience 

high shear stress due to the increased cardiac output and hyperemic response associated 

with exercise. Increased shear may result in improved bioactivity of nitric oxide (Green et 

al., 2004). Changes in pulmonary function are important contributors to adaptations 

elsewhere in the body. Trained individuals have a lower ventilation at a given 

submaximal exercise intensity, coupled with a much greater maximal ventilation than 

untrained individuals (McArdle et al., 2007). Pulmonary blood flow increases during 

high intensity exercise. Together, the increase in blood flow and ventilation improve 

pulmonary diffusion of oxygen (Wilmore et al., 2008). Once oxygen is carried to the 

muscle, there is greater oxygen extraction at the tissue level in trained individuals, a 

result of increased tissue perfusion (Bassett and Howley 2000).  

Aerobic exercise causes adaptation across all body systems. These changes 

improve the body’s ability to maintain continuous exercise at a given intensity and 

increase the workload the body can produce for extended durations by increasing oxygen 

delivery and extraction. Overall, these adaptations contribute greatly to cardiorespiratory 

health and improve endurance performance. 

  

1.2.3 Determinants of performance 

For high-level athletes, the main goals of endurance training are to improve 

aerobic capacity and performance. Performance may be measured in many ways, 

including competition results, time to complete a given task, and mean power output 

during an event. Endurance performance potential is often predicted from physiological 

tests that provide insight into an athlete’s aerobic capacity (e.g., exercise economy, and 
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maximal oxygen uptake [ O2max]). O2max and exercise economy are described in more 

detail below. 

 

Maximal oxygen uptake (𝑉𝑂!  !"#) 

 O2max is the highest rate at which an individual can use oxygen during maximal 

exercise (Jones and Carter 2000). Both athletes and exercise physiologists consider 
O2max the “gold-standard” measurement of aerobic capacity. Generally, individuals who 

train in endurance events will have a higher O2max than their anaerobic sport or 

untrained counterparts. Elite athletes will also generally have a higher O2max than sub-

elite athletes. While a good measurement of aerobic fitness and a general marker of 

performance potential (Levine 2008), O2max is not necessarily a predictor of 

performance, particularly among training-matched athletes. In other words, a high O2max 

is necessary to perform well, but in a group of individuals with similar O2max values, 

there can be a large variation in performance, suggesting that there are many additional 

factors (both physiological and psychological) that affect performance.  

 

Exercise economy 

 Exercise economy (often grouped with mechanical efficiency) is a measure of the 

oxygen cost for a given amount of physiological work. During exercise on a cycle 

ergometer, O2 increases by ~10 mL·min-1 for each additional watt of external power 

output (Jones et al., 2013). While economy improves with training (i.e., lowered oxygen 

cost of exercise), often as a result of training adaptations and improved biomechanical 

efficiency, it does not change greatly over time in trained individuals.  

Training may increase mitochondrial density and therefore energy production. For 

example, the vastus lateralis muscle of highly trained cyclists typically has a higher 

percentage of Type I muscle fibres (Coyle et al., 1992), which have a greater 

mitochondrial density than Type II fibres and are more efficient for continuous energy 

production (Joyner and Coyle 2008). Irrespective of mitochondrial density, energy 

required for a given workload should be fairly consistent within an individual, and 

independent of how efficiently the energy is produced. In trained athletes, economy will 

V V
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V
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not differ greatly over time (assuming training is maintained), although economy may 

improve as O2max declines with age (Jones 1998). Exercise economy may be a better 

predictor of performance in athletes closely matched in training load and O2max: O2max 

is a ceiling value for the rate of oxygen use, but economy determines how much work can 

be performed with that oxygen. 

1.2.4 Limitations to aerobic capacity and performance  

Aerobic capacity is limited by anything that negatively affects oxygen delivery to, 

or oxygen extraction by, exercising muscles. These factors may include anything that 

detrimentally affects pulmonary diffusion capacity (e.g., ventilation/perfusion mismatch 

or shunts), cardiac output (e.g., decreased stroke volume), oxygen carrying capacity (e.g., 

low hemoglobin mass), or exercising muscles (e.g., decreased mitochondrial enzyme 

activity) (Bassett and Howley 2000). A gas exchange limitation will likely impact highly 

trained athletes to a greater extent than recreationally active individuals (potentially due 

to a greater total blood volume and cardiac output), resulting in the muscular demand for 

oxygen outstripping delivery at high exercise intensities. For instance, hypoxic exposure 

negatively affects gas exchange and aerobic performance. A drop in the partial pressure 

of oxygen decreases availability of oxygen to the body. By extension, hypoxia causes a 

resultant decline in aerobic capacity that limits endurance performance. This drop is 

particularly relevant to athletes who attend training camps or competitions at moderate 

altitude, where training intensity and recovery will likely differ from sea level.  

1.2.5 Aerobic exercise in hypoxia 

A drop in PO2 decreases the body’s ability to deliver saturated hemoglobin to the 

tissues and the capacity for oxygen to diffuse to the mitochondria (Storz et al., 2011). The 

body exhibits a number of physiological adjustments in response to hypoxia in an attempt 

to maintain oxygen supply. The immediate response to hypoxia is increased ventilation to 

maintain oxygen saturation, resulting in an increase in exhaled CO2, and subsequent 

respiratory alkalosis (Bärtsch and Saltin 2008). This ventilatory response shifts the 

oxygen dissociation curve to the left, which better allows for oxygen to bind to 

hemoglobin due to an increased blood-O2 affinity (West 2007). Cardiac output also 

increases (via elevated heart rate) to balance oxygen delivery with demand (Casey and 

V

V V
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Joyner 2012); however, maximal heart rate may be reduced in hypoxia, as is maximal 

cardiac output (Bärtsch and Saltin 2008). Furthermore, an attenuated sympathetic 

response in contracting muscle, despite an increase in vasoconstrictor signals, results in 

compensatory vasodilation (Casey and Joyner 2012). Despite compensations, if oxygen 

saturation is decreased, blood flow during maximal large-muscle mass exercise is lower 

than in normoxic exercise (Calbet 2002). Reduced blood flow limits oxygen delivery, and 

O2max decreases by ~6%/1000 m altitude (to 3000 m, after which the rate of decrease 

may increase), due to the drop in oxygen driving pressure (Wherlin and Hallén 2006). 

Even with the reduced blood flow, there is evidence that pulmonary and muscle diffusion 

are the main components affecting this decrease in aerobic capacity (Wagner 2010). In 

the practical sense, physiological adaptations that allow an individual to maintain a high 

aerobic capacity will benefit endurance exercise at altitude.  

Training intensity and endurance sport performance are both affected by hypoxia, 

which has prompted athletes to try different strategies to attenuate the decline in 

physiological function. It has been shown repeatedly that individuals with higher baseline 

fitness tend to have a greater decline in aerobic performance than the untrained (Fulco et 

al., 1998). Even for athletes who are well matched for fitness at sea level, there is great 

inter-individual variation for response to hypoxia.  

Although O2max drops significantly, economy remains consistent after hypoxic 

acclimatization at moderate altitudes, although there may be modest improvements 

(Lundby et al., 2006). This is potentially because a given workload requires an absolute 

O2 that remains constant. However, it is more difficult (i.e. requires more work) to 

maintain a given workload at altitude–for example, pulmonary ventilation increases–so 

the body must work comparatively harder in acute hypoxia than at sea level.  

 

1.2.6 Effects of altitude training 

 Although altitude reduces aerobic capacity, acclimatization improves performance 

at altitude and may have beneficial effects on sea-level performance. However, there is 

great individual variation in the extent of these responses to both acute and longer-term 

exposures (Martin et al., 2010). A number of different strategies are used to elicit this 

V

V

V
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benefit. For instance, living “high” and training “low” is a popular approach, combining 

the benefit of training at sea-level with the physiological responses to prolonged altitude 

exposure during rest that could benefit endurance exercise (Millet et al., 2010). The 

efficacy of such strategies is highly variable and seems to depend on each individual’s 

ability to acclimatize.  

Ideally, endurance athletes competing at altitude will be able to acclimatize fully 

to the conditions in which they will compete (a recommended two weeks for venues up to 

3000 m) (Bergeron et al., 2012); however, even with acclimatization, performance at 

altitude will not equal sea-level capabilities in endurance sport (if aerodynamic drag is 

not factored in). Moreover, acclimatization is not always feasible, nor optimal for 

training, as athletes are unable to maintain training intensities comparable to sea level at 

altitude (Millet et al., 2010) and may have busy competition schedules, restricting the 

time they could spend at altitude before a single event.  

To augment training efforts, athletes often supplement with dietary or 

pharmaceutical aids. Various treatments have been investigated to alleviate the strain of 

exercise in hypoxia. For example, sildenafil results in reduced hypoxia-induced 

pulmonary hypertension (Zhao et al., 2001; Ghofrani et al., 2004), while improving 

exercise capacity at altitude through improved oxygen saturation and increased maximal 

workload and cardiac output (Ghofrani et al., 2004). There are concerns regarding the use 

of sildenafil at altitude, as it may increase the severity of headaches, a well-documented 

symptom of acute mountain sickness (Hackett and Roach 2001). Athletes could also 

experience other undesirable side effects (e.g., blue tinted vision (Marmor and Kessler 

1999)).  

 

1.3 Exercise and nitrate	  

In sport culture, supplementation is a common tactic to improve performance. In 

recent years, research into nitrate (NO3
-) and nitrite (NO2

-) supplementation has become 

more popular, particularly involving the use of beetroot juice (BR) as a source of NO3
- 

leading to nitric oxide (NO) production. In an applied setting, it has become common for 

athletes to use BR for training and competition. These supplements contain juice from 

beets (often exclusively), and vary in volume and NO3
- content, depending on whether 
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the supplement is ‘concentrated’ or not. For example, a BR ‘sport shot’ used in studies 

contains 70 mL of concentrated BR and ~4.2 mmol of NO3
- (Wylie et al., 2013). Some 

studies, however, supplement with up to 500 mL of BR a day, with the maximum 

reported dose being 500 mL BR (containing ~11 mmol NO3
-) administered daily over a 

period of six days (Bailey et al., 2009). While studies of BR and exercise capacity in both 

clinical populations and averagely active individuals are promising (e.g., Kenjale et al., 

2011), the few studies conducted in highly trained athletes in normoxia have returned 

mixed results (reviewed in Hoon et al., 2013b). The few studies of BR in hypoxia have 

been unanimous in demonstrating positive effects (Vanhatalo et al., 2011; Masschelein et 

al., 2012; Muggeridge et al., 2014), although only one of these studies (Muggeridge et 

al., 2014) has been completed with well trained athletes. Current evidence suggests that 

training and health status, sex (Kapil et al., 2010), dosage (Wylie et al., 2013a) and 

altitude (Dauncey 2012) may all play a large role in the efficacy of BR as a supplement. 

Therefore, it is important to test the usefulness of BR in highly trained endurance athletes 

and to determine the conditions in which it is most effective.  

In trained endurance athletes, there is evidence for responders and non-responders 

to BR supplementation (e.g., Christensen et al., 2012). Varied ‘response’ between 

individuals may be related to differences in adaptations to the vasculature, endothelial 

function, and aerobic system. Physiological adaptations of endurance exercise should 

result in excellent oxygen delivery, potentially masking or making redundant any BR 

benefit. This possibility is reflected in a study finding no benefit of a six-day BR 

supplementation for a 400-kcal (~18 minute) time trial (TT) in elite male cyclists ( O2max 

72.1 [4.5]) in normoxia (Christensen et al., 2012). This finding is contrasted by data from 

Lansley et al. (2011a), which demonstrated a significant improvement in 4- and 16.1-km 

TT performance in club-level males ( O2max 56 [5.7] ml·kg-1·min-1) following acute BR 

supplementation. A meta-analysis by Hoon et al. (2013b) indicated greater performance 

improvements from BR have been found in inactive or recreationally active individuals. 

As yet, there are no studies to indicate that so-called “responders” would continue to 

respond repeatedly.  

Despite differences in the effect of BR among athletes, some of the factors 

contributing to aerobic performance are limited in acute hypoxia, making it plausible that 

V
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BR may enhance exercise tolerance even in those individuals who do not respond to BR 

supplementation at sea level; however, this may be confounded by the variable response 

to hypoxia alone. The background physiology and research are presented below in more 

detail. Studies conducted to date assessing the efficacy of BR supplementation are 

summarized in Table 8 in Appendix B. 

 

1.3.1 Nitric oxide pathways 

Nitric oxide (NO) is a signaling molecule and potent vasodilator formed by nitric 

oxide synthase (NOS) enzymes (constitutive, inducible or neuronal) in response to 

chemical and mechanical stimuli (MacMicking et al. 1997; Bogdan 2001) through the 

oxidation of L-arginine (Palmer et al., 1988). This complex reaction is catalyzed by the 

NOS enzymes and requires oxygen and other substrates (Lundberg and Weitzberg 2010; 

Bailey et al., 2012).  

A secondary pathway for the formation of NO has been suggested, in which 

dietary nitrate (NO3
-) is reduced to nitrite (NO2

-) by anaerobic bacteria in the mouth 

(reviewed in Lundberg et al., 2008). Some of this NO2
- is further reduced to NO in the 

acidic environment of the stomach (Lundberg and Govoni 2004; Lundberg et al., 2008), 

while other NO2
- molecules continue to circulate in the blood and may form NO 

systemically, catalyzed by hemoglobin, myoglobin, and xanthine oxidoreductase among 

other species (Lundberg et al., 2011b; Lundberg et al., 2008). When the resultant NO 

from either pathway diffuses into surrounding smooth muscle cells, it activates guanylyl 

cyclase, which in turn stimulates cyclic guanosine monophosphate (cGMP) formation 

and smooth muscle cell relaxation (Bredt and Snyder 1994). See Figure 1. 
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Fig 1: Sources of nitric oxide (NO) in the human body. NO can form in the body through 
the nitric oxide synthase pathway (NOS) or through nitrate (NO3

-) in the diet. NO3
- may 

be reduced to nitrite (NO2
-) and subsequently NO. NO may also be oxidized to form NO2

- 

and NO3
-. 

 

NO is known to be particularly important for health. In addition to being a 

vasomodulator, NO plays roles in cellular respiration and inflammation (Lundberg et al., 

2008). For example, in male Munich Wistar rats, chronic (two month) blocking of the 

NOS pathway through the use of L-NG nitroarginine methyl ester (L-NAME) resulted in 

systemic hypertension and glomerular injury (Baylis et al., 1992). Jones et al. (2004) 

further reported that in humans, acute L-NAME infusion increased mean arterial 

pressure, and decreased O2max and heart rate.  

Inorganic NO3
- and BR supplementation have been found to decrease blood 

pressure (BP) (Siervo et al., 2013). Specifically, BR supplementation has been shown to 

lower diastolic blood pressure (DBP), systolic blood pressure (SBP), and mean arterial 

pressure (e.g., Webb et al., 2008). These results coincide with greater plasma [NO2
-] 

following supplementation. An increase in plasma [NO2
-] may be the result of NO3

-

reduction, indicating that NO3
- supplementation is responsible for subsequent BP 

reductions, possibly mediated by increased NO. Chronic intake of a nitrate-rich diet (e.g., 

the “Mediterranean Diet”) may have a cardioprotective effect, suggesting long-term 

V
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benefit  (Hu 2003; Lundberg et al., 2006; Lidder and Webb 2012). Decreased BP is 

maintained for at least 15 days with chronic BR supplementation (Vanhatalo et al., 2010), 

but there are no investigations of longer duration. There may be a dose-dependent 

relationship between NO3
- intake and change in BP (2010) (Kapil et al., 2010). An 

increase in BP occurred when oral microflora were disrupted with the use of antibacterial 

mouthwash (Kapil et al., 2012), further demonstrating the significance of the oral 

pathway in generating NO. 

 

1.3.2 Sex differences in response to nitrate supplementation 

Sex differences in the effect of NO3
- supplementation on BP may exist. Kapil et 

al., (2012) reported that premenopausal females had higher basal [NO2
-] coupled with 

lower BP than age-matched males and, following supplementation with potassium nitrate 

males had a greater reduction in BP than females. Thoonen et al. (2012), suggested that 

nitrate supplementation may be less effective in women, due to possible differences in 

sex-specific NO-cGMP signaling. The reason for the discrepancy is unknown but may be 

caused by differences in vasodilation signals. For example, it has been suggested that in 

female mice the main endothelial-derived relaxing factor is endothelial-derived 

hyperpolarizing factor, while in males it is NO and prostacyclin (Scotland et al., 2005). 

The possibility that supplement efficacy varies between sexes warrants further research, 

as data demonstrating such a dichotomy would be of interest to athletes interested in 

nitrate supplementation,  

 

1.3.3 Effect of beetroot juice on exercise  

Bailey et al. (2010) demonstrated that BR supplementation before small-muscle 

exercise significantly altered the intramuscular environment (demonstrated by decreased 

ADP and Pi accumulation and decreased PCr depletion) and increased exercise tolerance 

in normoxia, relative to placebo. In this study, subjects completed incremental double-

legged knee extension exercise in a step-wise manner until task failure. There was a 25% 

increase in time to task failure with BR, with each of the seven subjects performing better 

in the BR condition. The authors suggest that this finding may be the result of a 
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decreased total ATP cost for muscle force production, as reduced ADP and Pi 

accumulation may be due to coupling between ATP hydrolysis and the energy required 

for force production at a given work rate with BR supplementation. If ADP and Pi are 

reduced, oxidative phosphorylation would likely also be reduced (Brown 1992). Results 

from this study indicated improved matching of energy produced for energy required 

(Bailey et al., 2010). 

The majority of BR studies in humans have investigated performance outcomes 

rather than the effect’s mechanism. Studies in animal models have allowed for a more in 

depth understanding of how BR and NO3
- supplementation may affect muscle function. 

For example, fast-twitch muscle fibres from C57bl/6 male mice supplemented with 1 mM 

sodium nitrate in water for seven days had increased Ca2+ handling proteins and 

myoplasmic free [Ca2+], as well as increased contractile force and a faster rate of force 

development compared to untreated mice (Hernández et al., 2012). Relatedly, Ferguson 

et al. (2012), demonstrated improved skeletal muscle blood flow and vascular 

conductance in male Sprague-Dawley rats supplemented with 1 mmol NO3
-·kg-1·day-1 in 

BR during treadmill running, primarily in Type IIB+d/x fibres. Together, these studies 

indicate a greater role for NO in oxygen matching in fast-twitch fibres. Previous findings 

that NO directly inhibits force-generating proteins in skeletal muscle myofibrils (Galler et 

al., 1997) may seem counterintuitive considering conclusions by both Hernández et al., 

(2012) and Ferguson et al., (2012). However, this study used muscle fibres from rat leg 

muscles such as the soleus and vastus lateralis, which, in endurance trained humans, are 

likely composed of a high proportion of Type 1 fibres (Coyle et al., 1992). These results 

as a whole seem to be supported in humans by Bailey et al. (2010), as discussed above. 

It has also been demonstrated in male Sprague-Dawley rats that renal injury was 

attenuated after a medium-to-high dose of dietary NO2
- was provided in drinking water 

concomitantly to chronic L-NAME infusion (Kanematsu et al., 2008). This provides 

evidence that the NOS and NO3
- – NO2

- – NO systems are independent, and one can act 

to maintain NO production should the other be compromised. This has important clinical 

applications, but also strengthens the rationale for BR as a supplement in hypoxia. 
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1.3.4 Nitrate supplementation and normoxic exercise performance  

Although most human research has been conducted using untrained populations, a 

small, but highly relevant, number of studies have investigated the effect of BR on 

endurance performance in highly trained athletes. Studies of highly trained or elite 

cyclists in normoxia have found improvement in time trial performance following BR 

supplementation in a 4-km TT (Lansley et al., 2011a), a 10-km TT (Cermak et al., 

2012a), and a 16.1-km TT (Lansley et al., 2011a) but not in a 50-mile TT (Wilkerson et 

al., 2012). Lansley et al. (2011a) concluded that mean power output increased for both 4-

km and 16.1-km TT distances with BR supplementation, although VO2 values did not 

differ between BR and placebo (PL). Conversely, Wilkerson et al. (2012) demonstrated 

that neither power output nor mean O2 differed significantly between BR and PL trials. 

This study reported a lower mean O2 with BR compared to placebo over the 50-mile 

TT that approached statistical significance (p = 0.06), which may be practically 

meaningful. Wilkerson et al. (2012) also demonstrated that individuals with higher 

plasma [NO2
-] following supplementation performed better in the time trial. While the 

50-mile TT completed in this study was of a much longer distance than those used in 

other studies (e.g., Lansley et al. (2011a); Cermak et al. (2012a)), the exercise intensity 

was fairly low. This may have limited the efficacy of the NO3
- – NO2

- – NO pathway, 

which is potentiated in hypoxic and acidic conditions (Dauncey 2012; Modin et al., 

2001).  

BR supplementation may be more effective for improving performance over 

moderate distances and/or higher intensity exercise. In a study by Christensen et al. 

(2012), a six-day BR loading protocol did not improve endurance capacity or repeated 

sprint performance in elite male cyclists. However, two of the ten subjects were identified 

as “responders” who demonstrated decreased O2 at stages of 50% and 70% of aerobic 

peak power with BR supplementation. Furthermore, studies have concluded that an 

improvement in economy (reflected in decreased VO2 for a given power output) is likely 

due to changes in skeletal muscle rather than cardiopulmonary variables (Bailey et al., 

2009; Bailey et al., 2010).  

 

V

V

V
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1.3.5 Beetroot juice and hypoxic performance studies 

 As of 2013, data has been published from three studies that examined BR 

supplementation in normobaric hypoxia. Masschelein et al. (2012) used a cycling 

protocol consisting of 20-minute steady state exercise at 45% of maximum power output, 

followed by an incremental test to exhaustion. It was demonstrated that, in hypoxia (11% 

O2; equivalent to ~5000 m), BR increased time to exhaustion by ~5%, and improved 

muscle oxygenation relative to placebo. Two-legged knee extension exercise to 

exhaustion in hypoxia (14.5% O2) when supplemented with BR, was also demonstrated 

to be comparable to normoxic trials (Vanhatalo et al., 2011). Another recent study 

examined economy and TT performance at a simulated altitude of 2500 m (~15% O2) 

(Muggeridge et al., 2014) and showed that steady-state economy at 60% of maximum 

work rate and 16.1 km TT performance were both improved with BR, relative to placebo. 

This finding strengthens the rationale for BR being effective in hypoxia for highly trained 

individuals. In a related study, patients with peripheral arterial disease (a model of 

pathological ischemia that models poor oxygen delivery) demonstrated that BR 

supplementation increased time to onset of claudication pain (caused by too little blood 

flow during exercise), indicating improved perfusion in hypoxic tissue (Kenjale et al., 

2011). Together, these studies suggest that exercise performance in moderate hypoxia 

may benefit from BR supplementation. 

 

1.3.6 Nitric oxide in hypoxia 

During submaximal exercise in hypoxia, changes in oxygen saturation are 

compensated for by changes in cardiac output and muscle blood flow to maintain oxygen 

delivery (Calbet et al., 2000). However, as intensity increases during large-muscle 

exercise, such as cycling, the body cannot appropriately compensate for the lack of 

inspired oxygen. There is also a right shift of the oxygen dissociation curve that limits 

oxygen unloading in the muscle and decreases total oxygen consumption (Calbet et al., 

2009). If cardiac output is reduced, as in maximal exercise in moderate hypoxia (Calbet 

et al., 2009), muscle blood flow is decreased, reducing oxygen delivery. Vasodilation 

may work to better match O2 requirements to delivery, regulated by oxygen sensing 

(Calbet et al., 2002). In hypoxia, the production of NO is up-regulated by the NOS 



	   15	  

system, contributing to compensatory vasodilation and improved oxygen delivery. This 

up-regulation is likely related to increased shear stress and blunting of sympathetic 

vasoconstrictor signals (Casey and Joyner 2012). NO is also formed preferentially from 

NO2
- as oxygen pressure falls (Cosby et al., 2003; Lundberg and Weitzberg 2005; 

Lundberg et al., 2008) mainly through anaerobic pathways. The reduction of NO2
- is 

potentiated as oxygen tension falls, and the rate of conversion of NO2
- to NO by 

hemoglobin is highest when oxygen saturation approaches 50%, due to available binding 

sites on hemoglobin and a peak in nitrite reductase activity (this occurs with desaturation 

at the tissue level) (Lundberg et al., 2008). Furthermore, this reaction benefits from a 

drop in pH to that expected during increased metabolic activity or hypoxia (Modin et al., 

2001). Therefore, it seems possible that this secondary pathway of NO production could 

also improve compensatory vasodilation in hypoxia (Joyner and Casey 2013).  

One of the main physiological roles played by NO is the regulation of 

mitochondrial respiration, making NO particularly relevant to aerobic exercise 

performance. For example, NO, carried by myoglobin, competes with O2 for binding sites 

on cytochrome c oxidase, effectively inhibiting cytochrome C oxidase and sparing O2. 

This results in less ATP generation in mitochondria close to the feeder artery (Dauncey 

2012); however, due to a change in the inner mitochondrial membrane potential, there is 

less proton leak back into the mitochondrial matrix, leading to greater efficiency in 

cellular respiration. The O2 gradient seems to be extended, and O2 molecules spared from 

proximal mitochondria are used to generate ATP more distally (Dauncey 2012). 

Improved mitochondrial efficiency could make exercise more economical and would be 

particularly important in hypoxia, where matching oxygen delivery to consumption 

becomes more difficult. Supplementing with dietary NO3
- could benefit exercise in 

hypoxia in a few ways: 1) improved mitochondrial efficiency (Larsen et al., 2011), 

meaning less O2 used for a given energy output; 2) improved muscle contractile 

efficiency (Bailey et al., 2010), and therefore fewer ATP used for a given force 

production (Jones et al., 2013); and 3) increased vasodilation due to increased NO 

availability, allowing for improved oxygen delivery (Siervo et al., 2013). 
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1.4 Summary and potential significance	  

 Athletes may travel to altitude for training camps or competitions. There are 

currently many strategies to enhance training and performance under hypoxia, although 

research shows inconsistent results, due to differences in length of hypoxic exposures and 

dose. It is also likely there is considerable variation between individuals in the 

physiological response to hypoxia. Dietary NO3
- in the form of BR has been 

demonstrated to improve normoxic exercise tolerance in clinical populations and 

recreational athletes. There is further evidence that exercise tolerance in simulated 

hypoxia may benefit from BR. Comparing recreationally active individuals and elite 

athletes, greater performance improvements have been demonstrated in less fit 

populations. In the few studies that have assessed the efficacy of BR in highly trained 

individuals, there has been no obvious effect of BR, although some individuals seem to 

be ‘responders.’ Highly trained endurance athletes benefit from training volume and 

duration that results in physiological improvements specific to continuous exercise. In 

this case, the increased endogenous production of NO (Green et al., 2004) coupled with 

other training adaptations (Joyner and Coyle 2008) may mask the effect of BR.  

However, these adaptations do not explain differences in training matched, fit 

individuals, and little is known about why these responses would differ. Therefore, the 

specific sport, intensity and duration of exercise may also alter the efficacy of BR. 

Whether effective in normoxia or not, the decreased PO2 in hypoxia may benefit BR-

related performance enhancement in highly trained athletes. BR could potentially 

ameliorate training intensity and recovery through improved oxygen saturation, economy 

and blood pressure, which are impacted at altitude. Theoretically, these improvements 

would benefit both repeated training bouts (such as during a training camp) and 

competitive performance in hypoxia.	  
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2. Effect of beetroot juice on exercise performance in normoxia and moderate 

hypoxia 

	  

2.1 Introduction	  

At altitude, decreases in the barometric pressure ultimately result in less oxygen 

reaching the tissues (reviewed in Sheel et al., 2010). O2max decreases almost linearly 

with oxygen saturation (Wagner 2010), limiting intense endurance exercise as a given 

submaximal workload has approximately the same oxygen cost at altitude as at sea level. 

Relying on the aerobic energy system to maintain a given workload in hypoxia requires 

that the individual increase ventilation and cardiac output to improve diffusion and 

maintain oxygen delivery. Thus, ventilation and cardiac output are higher for a given 

submaximal workload. The combined effect of increasing cardiopulmonary workloads 

while lowering maximal aerobic capacity reduces overall training quality, particularly 

with acute hypoxic exposure in absence of acclimatization. As athletes often train and 

compete at moderate altitude (i.e., 1500-2500 m), anything that would ameliorate these 

limiting factors would help to maintain high exercise intensity and performance.  

Dietary NO3
- lowers blood pressure during exercise recovery in individuals of 

average fitness (Larsen et al., 2010) and clinical populations (Kenjale et al., 2011). 

Dietary NO3
- also increases mitochondrial efficiency through an improved oxidative 

phosphorylation ratio (Larsen et al., 2011) in normoxia. Beetroot juice (BR), a 

supplement with a naturally high concentration of NO3
- that may have ergogenic effects 

for athletes due to subsequent increases in circulating NO3
- and NO2

- that increase NO 

availability, has gained popularity with endurance athletes aiming to improve 

performance; however, normoxic studies in highly trained athletes supplemented with BR 

indicate that it may be less effective in this population (e.g., Cermak et al., 2012b). 

Despite evidence that trained athletes may not benefit from BR at sea level, when oxygen 

is limited in the environment (e.g. at altitude) BR may have even greater physiological 

effects Muggeridge et al., 2014; Dauncey 2012; Masschelein et al., 2012). Therefore, BR 

may positively affect trained athletes in hypoxic environments. While Muggeridge et al. 

(2014) have previously investigated the effect of BR in trained athletes in moderate 

V
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hypoxia, a comparison between the efficacy of BR supplementation in normoxia and 

moderate hypoxia for trained athletes has not been done. This may be useful for 

understanding under which conditions BR is most effective for athletes. 

2.2 Purpose, objectives and hypotheses	  

The primary purpose of this project is to assess whether an acute dose of BR can 

improve indices of exercise performance in trained men, and, if so, whether these effects 

are due to the available [NO3
-] in the supplement. There is evidence to suggest that highly 

trained athletes do not benefit from BR supplementation in normoxia to the same extent 

as less fit individuals; however, there may be a greater ergogenic effect on performance 

in hypoxia because it is more difficult to maintain endogenous NO production. To 

address this question, I examined the efficacy of acute BR supplementation for improved 

exercise performance in both normoxia and moderate hypoxia in trained male cyclists. 

Through the course of my thesis, I aimed to address the following four questions by 

testing the associated hypotheses: 

 

Question 1: Do highly trained athletes experience an ergogenic benefit from BR1 under 
normoxic conditions?  
 
Question 2: Do highly trained athletes benefit from BR supplementation in hypoxia? 
 
Question 3: Does resting BP decrease following BR supplementation? 
 
Question 4: Does BR supplementation increase fraction of exhaled nitric oxide (FENO)? 
 

Hypothesis 1: BR will have no effect on exercise performance in normoxia (i.e., no 

change in economy, or TT performance), relative to placebo. 

 

Hypothesis 2: BR will improve indices of exercise performance in hypoxia (i.e., 

improved economy, increased oxygen saturation, improved TT performance), relative to 

placebo. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  For the purpose of this thesis, “BR” will indicate beetroot juice containing NO3

-, while “PL” will indicate 
beetroot juice that has been NO3

- depleted. The protocol described in this thesis specifically tests whether 
the NO3

- in beetroot juice is effective as an ergogenic aid.	  
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Hypothesis 3: Acute BR supplementation will decrease resting blood pressure in highly 

trained men, relative to placebo. 

 

Hypothesis 4: FENO will increase with BR juice supplementation. 

2.3 Methods 

2.3.1 Participant information 

Between April and August 2013, 12 trained male cyclists were recruited to 

participate in this study. Subjects were recruited through poster advertisements at the 

University of British Columbia (UBC) campus, in cycling shops and through email 

contact with cycling clubs in Vancouver. Initially, 15 individuals expressed interest in 

participating; however, two were excluded during screening, as they did not meet all of 

the inclusion criteria. Of the remaining 13 subjects, one individual did meet the inclusion 

criteria but withdrew from the study due to personal reasons. 

Subjects were given $20.00 per visit to the lab ($100.00 total for all five visits). 

Informed written consent was obtained from all subjects. The UBC clinical research 

ethics board (CREB) approved this study.  

 

Table 1: Inclusion and exclusion criteria 

Inclusion Criteria Exclusion Criteria 
 
Males aged 19 (18 for UBC students*) to 40 
years 
Self-reported trained cyclists 
Maximal oxygen uptake of at least 60 mL·kg-

1·min-1 or 5 L·min-1 
English speaking 

 
Females 
History of pulmonary or heart disease 
Diabetes 
Smoking 
Recent (within 2 months) visit to 2500 m or 
above 
Inability to communicate in English 

Note. UBC CREB approved treating 18-year-old UBC students as emancipated for the purpose of this 
study. 
 

2.3.2 Experimental design 

A randomized, placebo-controlled, crossover study design was used for this 

experiment (see Figure 2). The 12 subjects that qualified for the study visited the 
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laboratory five times in total. Following an initial screening visit, there were four 

randomly assigned treatment days: 1) normoxic trial supplemented with BR; 2) normoxic 

trial supplemented with placebo (PL); 3) hypoxic trial supplemented with BR; and 4) 

hypoxic trial supplemented with PL. Each visit was separated by at least 96 hours to 

allow for washout and recovery. All cycling tests were completed on a fully adjustable 

Velotron cycle ergometer (Racermate Dynafit Pro, Racermate Inc., Seattle WA) to mimic 

real road cycling as closely as possible. Data collection took place in the Environmental 

Physiology Laboratory and the Gene, RNA, Informatics and Proteins Laboratory at the 

University of British Columbia, Vancouver, Canada.  The lab is located approximately 75 

m above sea level.    

Individual subjects were tested at approximately the same time of day on each 

visit. Supplementation was administered in a double-blind manner, whereas only the 

subjects were blinded to the environmental condition.  Informing the researcher of the 

environmental condition was necessary to allow oxygen saturation to be monitored 

during the exercise protocol, which was required by CREB. Subjects were given either 70 

mL BR or 70 mL PL, and completed the testing protocol in either moderate hypoxia 

(normobaric hypoxia chamber set to 2500 m) or normoxia. The BR supplement (Beet It 

Sport, James White Drinks Ltd., Suffolk, UK), which contained beetroot juice and lemon 

juice had 72 kcal and 0.4 g of NO3
- (6.5 mmol NO3

-) in 70 mL. The PL product was 

identical to the BR supplement, except that it was NO3
- depleted. This allowed for any 

differences in the experimental conditions to be explained by the available NO3
- content. 

The supplement was Informed-Sport tested and both the BR and PL were consumed at 

room temperature. 

Subjects were asked to record their food intake for the 24-hour period leading up 

to the initial test and to then replicate this diet as closely as possible over the 24 hours 

leading up to each subsequent test day. They were also asked to arrive at the lab fully 

hydrated (i.e., at least 500 mL of water consumed in the preceding hour) but to avoid   

alcohol and caffeine consumption for 24 and 6 hours, respectively, before laboratory 

visits.  As well, subjects were asked not to use anti-bacterial mouthwashes or chew anti-

bacterial gum for the duration of the study. Other than the treatment, subjects did not eat 

or drink anything during the testing with the exception of water, which was permitted ad 
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libitum between supplementation and exercise testing. Finally, subjects did not exercise 

on test days and remained in the laboratory between supplementation and exercise 

testing.  

 
Figure 2: General study overview. Subjects came to the laboratory on five separate occasions. 
The first visit included a maximal exercise test and familiarization with the exercise protocol 
to be completed on subsequent days. During data collection days, subjects underwent one of 
four protocols: supplementation with either beetroot juice (BR) in hypoxia or normoxia, or 
supplementation with nitrate-depleted beetroot juice (PL) in either normoxia or hypoxia (see 
text for details). 

 

2.3.2.1 Visit 1: Fitness screening 	  

The first visit consisted of anthropometric measurements, baseline fitness testing 

and familiarization with the lab, the equipment to be used on test days, and the 

experimental day protocol (see Appendix D for subject information sheets). Subjects 

were weighed and measured. A venous blood sample was taken to measure baseline 

plasma [NO3
-] and [NO2

-], and a finger prick sample was drawn into a capillary tube to 

determine hematocrit using a CMH30 Micro Hematocrit Centrifuge (UNICO, Dayton NJ, 

USA). To determine whether prospective subjects met the inclusion criteria for fitness, 

each individual completed an incremental O2max test to volitional exhaustion. A 

mouthpiece was fitted to each subject’s face fixed with a two-way, non-rebreathing valve. 

Subjects inhaled room air and exhaled to a metabolic cart via a breathing tube. Subjects 

completed a self-selected, five-minute warm-up on the Velotron cycle ergometer. The 

test started immediately afterwards at a work rate of 0 W. The work rate increased by 1 

W every 2 seconds. O2max was met when the subject met at least three of the following 

criteria: 1) a plateau in oxygen uptake despite an increase in work rate; 2) a respiratory 

V
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exchange ratio >1.15; 3) heart rate > 90% of the age predicted max (220 bpm – age in 

years); 4) volitional exhaustion. The subject then completed a self-selected cool down. 

For those subjects who achieved a O2max value ≥60 mL·kg-1·min-1 (or 5 L·min-1) this 

ramp test was also used to determine their 50% maximal power outputs (in Watts) for 

subsequent test days. Each subject’s 50% power output was calculated from power output 

at O2max. After a rest period, subjects completed the TT protocol in normoxia (described 

in detail below), used for subsequent testing days, to familiarize them to the ergometer’s 

gearing and the intensity and duration of the TT protocol.  

 

2.3.2.2 Visits 2, 3, 4, 5: Data collection	  

On arrival to the lab, resting blood pressure (BP) was assessed manually with a 

sphygmomanometer and a stethoscope. Subjects sat quietly for five-minutes and kept 

both feet on the floor during BP assessment. BP was measured in duplicate, and the 

second measurement was used for analysis. Fraction of expired nitric oxide (FENO) was 

measured following the American Thoracic Society and European Respiratory Society 

guidelines for measurement of exhaled lower respiratory nitric oxide using offline 

measurements (ATS and ERS 2005). While in a seated position, subjects held the NIOX 

MINO handheld electrochemical analyzer (Aerocrine AB, Solna, Sweden). Subjects 

exhaled completely, inhaled NO-free air through the mouthpiece until reaching vital 

capacity, and immediately exhaled for 10 seconds at a rate of 50 mL·s-1 to complete the 

test. FENO was measured once. 

Immediately following these tests, subjects drank 70 mL of either BR supplement 

or PL (distributed using a double blind protocol). Regardless of treatment subjects waited 

in the laboratory for two hours, to allow time for any increase in plasma [NO3
-] and [NO2

-

]. After two hours, post-supplementation blood pressure and FENO were assessed and a 

second venous blood sample was taken.  

Following post- supplementation tests, subjects were fitted with a heart rate 

monitor (Polar T31 Transmitter, Polar; Kempele, Finland), an earlobe pulse oximeter 

(Avant 9600, Nonin Instruments, Plymouth, MN), and a facemask (Hans Rudolph, Oro-

Nasal 7450 V2 Mask, Shawnee, KS) connected to a two-way non-rebreathing valve 

V
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(2700 T-shape, Hans Rudolph, Shawnee, KS). The valve was attached on one side to a 

normobaric hypoxia chamber (Colorado Altitude Training; Louisville, CO) with a 

breathing tube, and to a metabolic cart (Parvo Medics; Sandy, UT) on the other side with 

another breathing tube (see Figure 3).  

 

 
Fig 3: Breathing set-up. Subjects breathed either normoxic or hypoxic air from the 
normobaric hypoxia chamber through a breathing tube, and exhaled through a second 
tube to a metabolic cart. 

 

Prior to warming up on the cycle ergometer, emission and detection fibre optic 

probes connected to a near infrared spectroscopy (NIRS) system (NIRO-200 

Oxygenation Monitor, Hamamatsu, Japan) were taped to the subject’s upper thigh (over 

the vastus lateralis) to assess tissue oxygenation index (TOI). The probes were covered 

with a tensor bandage, which lay under the subjects’ cycling shorts. The site of probe 

placement was marked on the skin in permanent marker, so probe position could be 

replicated for subsequent test days. Muscle oxygenation data was collected during the 

steady state and TT portions of the cycling protocol. 

Subjects were seated on the cycle ergometer, facing a computer screen, breathing 

either ~21% or ~16% O2 from the normobaric hypoxia chamber. A 15-minute self-

selected warm-up on the cycle ergometer was then completed followed by 15 minutes at 

50% of each subject’s specific maximal power output (as pre-determined by their initial 

O2max test). During the steady state portion of the test, power output was fixed, and 

subjects were asked to maintain a seated position and a consistent cycling cadence. 

V
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Metabolic data was measured over the final five minutes of this task. This data was used 

to assess exercise economy (mL O2·min-1·W-1), the main outcome variable for the steady 

state portion of the test. Subjects were not given any feedback regarding gearing or 

cadence during the warm-up to prevent subjective comparison with future and past 

testing days. Following the steady state exercise, subjects completed a 10-km TT on a flat 

and straight course (RacerMate Interactive 3D Software, Seattle, WA) (see Figure 4 and 

Table 3). During the TT, subjects were able to change gears and position if desired. Only 

feedback on distance covered and cadence was provided to them via the computer screen. 

Metabolic data was collected for the duration of the TT. The main outcome variable for 

the TT was mean power output relative to body weight (W·kg-1).  

Following completion of testing protocols, subjects were asked whether they 

thought they had experienced hypoxia or normoxia and whether they consumed BR or 

PL. This was used to assess the efficacy of the single- and double- blinding. See 

Appendix C for a more detailed explanation of the normoxic and hypoxic breathing 

protocol, as well as metabolic calculations. 
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Table 2: Summary of procedures for all subjects on laboratory visits.  
Appointment 1 Appointments 2, 3, 4, 5 
 
-Anthropometric measures (height, weight) 
 
-Hematocrit measurement 
 
-Incremental maximal oxygen uptake test  
( O2max) 

 
-BP and FENO 
 
-Supplemented with either 70 mL BR or PL  
 
-2 hours post-supplementation, second BP and 
FENO 
 
-15 minute self-selected warm up, breathing 
either normoxic (~21% O2) or hypoxic air 
(~16% O2), followed by 15 minutes at 50% 
max power (HR, SpO2, TOI, O2, power 
output) 
 
-10-km time trial (SpO2, TOI, O2, power 
output) 
 

Note. NO3
-=nitrate; NO2

-=nitrite; O2max =maximal oxygen uptake; FENO=fraction of expired nitric 
oxide; HR=heart rate; BP=blood pressure; SpO2=pulse oxygen saturation; O2max =oxygen uptake; 
TOI=tissue oxygenation index. 
  
 

2.3.3 Statistical analysis 

A power calculation (G*Power 3.1, Heinrich Heine, Universität Düsseldorf) 

indicated that the required sample size for this study was 12 subjects. This was based on 

submaximal cycling economy data from Bailey et al. (2009). This study showed that the 

mean cycling economy of the placebo condition was 11.6 (SD = 0.9) and the mean of the 

nitrate-supplementation condition was 10.8 (SD = 0.8). This power calculation was based 

on an alpha level of 0.05 and a power of 0.84. 

Descriptive analyses of all variables are presented as mean (SD). A two-way 

repeated measures ANOVA was used to analyze differences between the four conditions 

for BP and FENO variables. The independent variables for these tests were time (pre- and 

post- supplementation) and treatment (PL or BR). Dependent variables were systolic BP, 

diastolic BP and FENO. Paired samples t-tests were used to compare the average 

difference in FENO between pre- and post- supplementation with BR or PL. For these 

analyses, averages of the two BR and two PL test days were used. 

V

V

V

V
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A two-way repeated-measures ANOVA was used to analyze differences between 

the four conditions for dependent variables relating to steady state and TT performance. 

The independent variables for these tests were condition (hypoxia, normoxia) and 

supplement treatment (BR, PL). For the steady state portion of the protocol, dependent 

variables were cycling economy (mL O2·min-1·W-1), SpO2, TOI, HR, BP, and VE. In the 

TT, dependent variables were time to complete 10-km, mean power output per kg, and 

mean O2. For all tests, the alpha-level was set at p = 0.05. 

 

 
Fig. 4: Timeline of data collection (sessions 2-5). After pre-supplementation blood sampling 
and tests for expired nitric oxide (FENO) and blood pressure (BP)(1), subjects consumed either 
70 mL beetroot juice (BR) or placebo (PL)(2). Following a two-hour break, blood sampling 
and FENO and BP tests were completed again (3). Subjects were then exposed to either 
normoxia or hypoxia, and completed a cycling exercise protocol consisting of a 15-minute self-
selected warm-up (4), 15 minutes at 50% maximum power output (5) and a 10-km time trial. 
Each session concluded with a cool-down. 

	  

2.4 Results 
 

2.4.1 Subject characteristics 

Twelve healthy, trained male cyclists and triathletes volunteered to participate in 

this study. Subject anthropometric data is presented in Table 4. 
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Table 3: Subject anthropometric, fitness, and power data. 

Statistic Age (yrs) Height (cm) Weight (kg) O2max (ml·kg-

1·min-1) 
50% max power 

(W) 
Hematocrit 

(%) 

Mean 
 

29.3 181 75.9 67.5 211 45 

SD 
 

5.1 5.2 6.5 5.8 13.1 3 

Min 
 

21 173.5 65.4 60.9 190 38 

Max 40 187.5 86.8 81.2 230 50 
Note. n = 12, except for hematocrit where n = 10. O2max, maximal oxygen consumption (mL·kg-1·min-1). 

 

2.4.2 Hypoxic and normoxic exposures 

The PO2 did not differ between PL and BR supplementation days in hypoxia (117 

[1] and 118 [1] mmHg, respectively. t[11] = -1.659; p = 0.125), or normoxia (155 [1] and 

155 [2], respectively. t[11] = -0.312; p = 0.761). The average PO2 for hypoxic exposures 

corresponded to an altitude of 2440 m (~8000 feet). Subjects correctly identified the 

environmental condition on 56% of trials, while 21% of assumptions were incorrect and 

23% did not know. 

 

2.4.3 Resting blood pressure and FENO 

Resting SBP and DBP were similar before and after BR and PL supplementation 

(see Figure 5). Mean FENO was similar before (25 [11] vs. 23 [8] ppb) supplementation 

with either BR or PL. There was a significant interaction effect for time x treatment, and 

follow up paired samples t-tests indicate FENO post-BR was significantly greater than 

post-PL (28 [12] vs. 22 [9] ppb) (see Tables 4 and 5). Subjects correctly identified the 

supplement 8% of the time and incorrectly identified the supplement 11% of the time 

(81% did not know.) Descriptive data and average difference data for BP and FENO 

variables are reported in Tables 5 and 6.  

 

 

 

V
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Fig 5: Systolic and diastolic blood pressure (mmHg) pre- and post-supplementation with either 
placebo (PL) or beetroot juice (BR). Error bars represent standard deviation. 
 
 
 
Table 4: Summary data for blood pressure and fraction of expired nitric oxide measurements pre- and post- 
supplementation. 
Variable Time Supplement N Mean [SD] Paired samples t-test 

and p-value 
SBP  
(mmHg) 

Pre-supplement BR 
PL 

12 
12 

116 [7] 
116 [7] 

t[11]=0.114;  
p=0.911 

DBP 
(mmHg) 

Pre-supplement BR 
PL 

12 
12 

73 [6] 
74 [8] 

t[11]=-0.435;  
p=0.672 

SBP 
(mmHg) 

Post-supplement BR 
PL 

12 
12 

115 [7] 
116 [8] 

t[11]=-0.543;  
p=0.598 

DBP 
(mmHg) 

Post-supplement BR 
PL 

12 
12 

73 [6] 
75 [7] 

t[11]=-0.758;  
p=0.464 

FENO 
(ppb) 

Pre-supplement BR 
PL 

12 
12 

25 [11] 
23 [9] 

t[11]=1.484;  
p=0.166 

FENO 
(ppb) 

Post-supplement BR 
PL 

12 
12 

28 [12]* 
22 [9] 

t[11]=5.016;  
p<0.001 

Note: BR, beetroot juice; PL, placebo; SBP, systolic blood pressure; DBP, diastolic blood pressure; FENO, 
fraction of exhaled nitric oxide. 
(*) Indicates a significant difference from the PL treatment. 
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2.4.4 Steady-state cycling 

Variables measured during the 50% power output trial are presented in Table 7. 

Relative to normoxia, hypoxic exposure increased VE and HR and decreased SpO2 and 

TOI (p < 0.05 for all variables). There was no difference in O2 or exercise economy (p 

> 0.05 for both variables) between normoxic and hypoxic conditions. In normoxia, there 

was no effect of BR on VE, HR, O2, or exercise economy between BR and PL trials. In 

hypoxia, there was no effect of BR on VE, HR, SpO2, TOI, O2, or economy (p > 0.05 

for all variables.) See Figure 7 below and Figures 8-11 in Appendix E. 

 
Fig 6: Economy (mL O2·min-1·W-1) during steady state cycling at 50% maximum power 
output in normoxia or hypoxia when supplemented with either placebo (PL) or beetroot juice 
(BR). Error bars represent standard deviation.  

 

2.4.5 10-km time trial 

Relative to normoxia, TT performance was significantly decreased in hypoxia. 

Time to complete the 10-km TT and increased, and mean power output decreased in 

hypoxia relative to normoxia (p < 0.05 for both variables). Mean O2 and SpO2 were 

also significantly lower in hypoxia (see Table 8). TOI was similar between both 

conditions (see Table 8).  

In normoxia, there was no improvement in performance with BR. There was no 

difference in time to complete the 10-km TT, mean power output, or mean O2 over 10 

km (p > 0.05 in all variables). In hypoxia, there was also no improvement in performance 

with BR. Mean O2 over 10 km, time to complete the 10-km TT, mean power output, 
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SpO2 and TOI did not differ between BR and PL trials. See Table 8 for summary 

statistics of variables measured during the 10-km TT. See also Figure 8 below and 14-18 

in Appendix F. 

 
Fig 7: Mean power output (W·kg-1) during the 10-km time trial in either normoxia or 
hypoxia when supplemented with placebo (PL) or beetroot juice (BR). Error bars represent 
standard deviation.  
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Table 5: Summary statistics for systolic and diastolic blood pressures and fraction of expired nitric oxide pre- and post- supplementation with BR or PL. 
Variable n Pre-PL Pre-BR Post-PL Post-BR ANOVA Results 

Time Treatment Interaction 
SBP (mmHg) 12 116 [7] 116 [7] 116 [8] 115 [7] F(1,11)=0.178 

P=0.681 
F(1,11)=0.077 

P=0.786 
F(1,11)=0.843 

P=0.378 
DBP (mmHg) 12 74 [8] 73 [6] 75 [7] 73 [6] F(1,11)=0.254 

P=0.625 
F(1,11)=0.460 

P=0.512 
F(1,11)=0.176 

P=0.683 
FENO (ppb) 
 

12 23 [8] 25 [11] 22 [9] 28 [12] F(1,11)=0.946 
P=0.352 

F(1,11)=11.219 
P=0.006* 

F(1,11)=15.621 
P=0.002* 

Note. BR, beetroot juice; PL, placebo; SBP, systolic blood pressure; DBP, diastolic blood pressure; FENO, fraction of expired nitric oxide. Data presented as 
mean [SD]. 
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Table 6: Summary statistics for physiological responses to cycling in normoxia and hypoxia at 50% of maximum power following supplementation with BR or PL 
Variable n NPL NBR HPL HBR ANOVA Results 

Treatment Condition Interaction 
V O2 (mL·kg-1·min-1) 12 39.3 [3.6] 39.7 [3.8] 38.5 [5] 39.1 [3.6] F(1,11)=0.412; 

p=0.534 
F(1,11)=0.785; 

p=0.395 
F(1,11)=0.012 

p=0.914 
Economy  
(mL O2·min-1·W-1) 

12 14.2 [1.1] 14.3 [1.2] 13.9 [1.3] 14.1 [1.2] F(1,11)=0.248 
p=0.682 

F(1,11)=0.670 
p=0.430 

F(1,11)=0.057 
p=0.816 

VE (L·min-1) 12 80.7 [17] 76.5 [10] 88.1 [9.9] 91.2 [13.9] F(1,11)=0.097 
p=0.761 

F(1,11)=31.272 
p<0.001* 

F(1,11)=1.949 
p=0.190 

HR (bpm) 12 150 [13] 149 [11] 156 [9] 156 [12] F(1,11)=0.218 
p=0.650 

F(1,11)=34.726 
p<0.001* 

F(1,11)=0.061 
p=0.810 

SpO2 (%) 12 98 [1] 98 [2] 87 [4] 88 [3] F(1,11)=2.926 
p=0.115 

F(1,11)=156.708 
p<0.001* 

F(1,11)=1.347 
p=0.270 

TOI (%) 7 51 [12] 52 [13] 45 [12] 46 [10] F(1,6)=0.161 
p=0.702 

F(1,6)=13.785 
p=0.01* 

F(1,6)=0.023 
p=0.884 

Note. BR, beetroot juice; PL, placebo; V O2 (mL·kg-1·min-1), oxygen uptake; VE, ventilation; HR, heart rate; SpO2, pulse oxygen saturation; TOI, tissue 
oxygenation index. Data presented as mean [SD]. 
 
Table 7: Summary statistics for physiological responses to a 10-km cycling time trial in normoxia and hypoxia following supplementation with BR or PL. 

Variable n NPL NBR HPL HBR ANOVA Results 
Treatment Condition Interaction 

Mean V O2 
(mL·kg-1·min-1) 

12 50.5 [5.5] 51.2 [5.3] 43.3 [7.4] 44.4 [5.4] F(1,11)=0.681 
p=0.427 

F(1,11)=29.513 
p<0.001* 

F(1,11)=0.009 
p=0.925 

Mean power output 
(W·kg-1) 

12 3.8 [0.4] 3.7 [0.4] 3.2 [0.3] 3.2 [0.3] F(1,11)=0.379 
p=0.550 

F(1,11)=161.971 
p<0.001* 

F(1,11)=2.505 
p=0.142 

Time (s) 12 950 [47] 959 [53] 1023 [47] 1015 [51] F(1,11)=0.006 
p=0.939 

F(1,11)=143.784 
p<0.001* 

F(1,11)=2.385 
p=0.151 

SpO2 (%) 12 97 [2] 97 [3] 87 [4] 87 [4] F(1,11)=0.363 
p=0.559 

F(1,11)=365.943 
p<0.001* 

F(1,11)=0.156 
p=0.692 

TOI (%) 7 48 [12] 49 [13] 46 [10] 45 [11] F(1,6)=0.013 
p=0.913 

F(1,6)=5.848 
p=0.06 

F(1,6)=0.177 
p=0.692 

Note. BR, beetroot juice; PL, placebo; Mean V O2, mean oxygen uptake over 10-km; SpO2, pulse oxygen saturation; TOI, tissue oxygenation index. Data 
presented as mean [SD].
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2.5 Discussion	  
 

2.5.1 Layout of discussion 

The purpose of this study was to assess the effects of BR supplementation on 

exercise performance in trained male cyclists in normoxia and moderate hypoxia. The 

discussion is divided into three parts: 1) the effects of BR on pre- and post- 

supplementation variables; 2) the effects of BR on exercise economy; and 3) the effects 

of BR on 10-km TT performance.  

 

2.5.2 Pre- and post-supplementation variables 

The supplement used in this study is sold as an ergogenic aid, and was selected 

as appropriate for practical application to the target athlete group as it is commercially 

available and inexpensive. Furthermore, the NO3
- content of the supplement that we used  

(400 mg) falls within the suggested “safe” limits of NO3
- intake of 300-500 mg 

(Lundberg et al., 2011a). Despite the suggested benefits of NO3
-, little is known of the 

long-term effects and safe amounts for consistent use. In the past, there have been 

concerns regarding high concentrations of NO3
- and NO2

- in drinking water. If NO2
- 

binds to hemoglobin and oxidizes the heme group to its ferric state (Fe3+), the reaction 

forms methemoglobin, which cannot bind with O2 (Lundberg et al., 2008). Infants under 

six months have a smaller amount of the enzyme that converts methemoglobin back to 

hemoglobin, making them vulnerable to methemoglobinemia (“blue baby syndrome”) 

(Avery 1999). Methemoglobinemia is very unlikely in adults without underlying 

pathology, but it remains a worthwhile consideration. Consumption of meat products 

preserved with NO2
- may be linked to cancer; however, epidemiological studies have not 

demonstrated conclusive evidence of this belief (Mensinga et al., 2003). Nonetheless, 

uncontrolled intake of NO3
- supplements could result in NO3

- toxicity (Lundberg et al., 

2011a). Anecdotally, some people find that foods containing dietary NO3
- or NO2

- 

trigger headaches, and migraines. To date, there have been no reported headaches in BR 

studies, although some individuals may be susceptible to this effect. This would be 

particularly relevant in hypoxia, where headache is a symptom of acute mountain 



	   34	  

sickness (Hackett and Roach 2001). However, it is obvious from other studies that 

continuous supplementation with BR over multiple days (e.g., Vanhatalo et al., 2010) or 

a larger acute dose (e.g., Wylie et al., 2013a) causes greater increases in plasma NO3
- 

and NO2
- than a single concentrated dose (e.g., Wylie et al., 2013a).  

Our study is the first to measure the effect of BR on FENO, and our results show 

that an acute dose of ~6.5 mmol [NO3
-] in 70 mL BR is sufficient to increase FENO. 

Previously, a meal rich in NO3
- has been demonstrated to increase FENO in healthy 

individuals (Olin et al., 2001).  Dietary NO3
- and NO2

- that are not reduced in the acidic 

stomach may be absorbed from the intestine to the blood. As blood passes through the 

lungs, it is possible that some NO3
- or NO2

- carried in the blood is reduced to NO.  

 

2.5.3 Blood pressure  

Supplementation with BR did not decrease resting BP in this study. BR 

supplementation has demonstrated a small but consistent drop in systolic blood pressure 

(Siervo et al., 2013), and a recent study by Wylie et al. (2013a) indicated that systolic 

BP significantly decreased following acute supplementation with 70 mL, 140 mL or 280 

mL of BR containing 4.2, 8.4 and 16.8 mmol NO3
-, respectively. Therefore, the dose of 

BR used in our study should have been sufficient to decrease BP; however, these authors 

also indicated that the peak reduction in BP following the smallest dose of BR was at 4 

hours post-supplementation. In the present study, subjects’ BP was assessed two hours 

post-supplementation, which may not have allowed enough time for BP to decrease. 

Metadata presented by Siervo et al., (2013) included data from individuals with health 

comorbidities, where BP may be more responsive to NO3
- or BR supplementation. 

Subjects in our study had fairly low BP and perhaps BR would reduce BP more in 

individuals with higher baseline BP. It is also possible that physiological arousal was 

high immediately prior to completing the TT protocol, which could counteract any 

lowering effects of the BR. It is worth noting that this study was not specifically 

powered to detect a change in blood pressure. 
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2.5.4 Exercise economy 

In our study, economy was similar between BR and PL trials in normoxic and 

hypoxic steady-state trials. Economy also did not differ significantly between hypoxia 

and normoxia. Any improvement in economy would likely be indicative of alterations in 

oxidative phosphorylation, as a given amount of work should have a consistent energy 

cost (Jones n.d). Our data is inconsistent with previous evidence demonstrating 

measurable improvements in exercise economy with BR supplementation. 

Previous studies investigating the effect of BR on economy reported 

improvements with BR supplementation in normoxia relative to PL. Lansley et al. 

(2011b) concluded that economy was significantly improved following BR (0.5 L (~5 

mmol NO3
-) per day for 15 days prior to exercise) during both moderate- and severe-

intensity treadmill exercise. Using a similar six-day loading protocol to Lansley et al. 

(2011b), Bailey et al. (2009) also demonstrated lowered oxygen cost at the end of 

exercise for moderate intensity cycling; however, the provided dose of NO3
- in the BR 

supplement was greater in these studies than the supplement used in the present study. It 

seems promising that a greater acute NO3
- dose will result in greater benefit to 

performance (Hoon et al., 2013a), although smaller doses of BR over a few days would 

likely be more palatable to athletes.  

One of the discrepancies between this study and those previously published is the 

fitness of subjects. The majority of studies have used recreationally active subjects, 

while our study used well-trained subjects; however, Cermak et al. (2012a) 

demonstrated a lower O2 in trained cyclists during 30-minute steady state cycling at 

45% and 65% of maximum power output, when supplementing with 140 mL BR per day 

(~8 mmol NO3
-) over six days. The daily dose in that study was greater than the acute 

dose provided in our study. Data from Cermak et al. (2012a) indicated that BR may be 

effective in trained athletes, but athletes may require a larger dose than untrained 

individuals to see a benefit in performance. Furthermore, highly trained athletes 

routinely cause sufficient shear to their vessels to up-regulate NO production through the 

endogenous NOS system. Training adaptations specifically affecting NO production 

may mask the effect of a small, acute, dose of BR on economy in the trained athletes in 

this study. Studies showing an improvement in economy indicate that loading protocols 

V
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are a viable option to improve economy; however, large acute doses may be more 

practical for athletes. Different loading and acute supplementation protocols, as well as 

fitness, are therefore important considerations for athletes competing in normoxia. The 

NO3
- dose per kg of body weight could also be an important mediator of the effects. The 

average weight of the subjects in our study was 75.9 [6.5], ranging from 65-87 kg; 

however, each individual was provided with the same dose of BR. It is possible that the 

NO3
- dose per kg was not sufficient to cause a measurable effect on economy in the 

heavier subjects. However, there was no change in economy in our study and no 

correlation between dose by weight and economy.   

The acute dose of BR used in this study was not expected to have an effect in 

normoxia in our subject population due to their baseline fitness (i.e. subjects were well 

trained). While the NOS system is upregulated in hypoxia (Casey and Joyner 2012), the 

lack of available oxygen inhibits oxidation of L-arginine, which we hypothesized would 

increase the efficacy of BR; however, steady-state economy was similar between BR 

and PL in hypoxia. The NO3
- – NO2

- – NO system is potentiated by hypoxic 

environments (Dauncey 2012), and the conversion of NO3
- to NO2

- is maximized as 

oxygen saturation approaches 50% (Lundberg et al., 2008). Furthermore, this system is 

primarily anaerobic. Hypoxic exposure affects aerobic performance to a greater extent in 

fit individuals compared to individuals of lower baseline fitness (Fulco 1998). If highly 

trained individuals are affected more by hypoxia (and if they become more hypoxemic 

than less fit individuals (Dempsey and Wagner 1999); it follows that they will have less 

oxygen available for their NOS systems, making the anaerobic NO pathway particularly 

useful to fit individuals in hypoxia. Our normobaric hypoxic exposure was equivalent to 

moderate altitude (~2440 m), which may not be sufficient to negatively impact NOS 

production in the trained subjects. Another possibility is that the BR dose we used was 

not great enough to enhance the effects of endogenous NO production to a degree that 

would be measurable within the normal day-to-day variation of metabolic data. 

Our results disagree with those of Muggeridge et al. (2014), which indicated a 

measurable benefit to performance in trained athletes supplemented with BR in 

moderate hypoxia. Muggeridge et al. (2014) had a very similar protocol to our study: 

trained cyclists completed a 15-minute steady-state cycling bout at 60% of hypoxic 
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maximum power output at a simulated 2500 m. The authors concluded that O2 was 

lower in the BR trial compared to PL (2542 [114] mL.min-1 vs. 2727 [85] ml·min-1 p = 

0.049). The acute BR supplementation protocol in this study was similar to ours, 

although it had a lower NO3
- content (70 mL containing ~5 mmol NO3

-). Muggeridge et 

al. (2013b) provided the BR supplement three hours before performance testing as 

opposed to our two hour interval, which may not have allowed enough time for plasma 

[NO3
-] and [NO2

-] to peak, and reduced the likelihood of BR benefitting performance. 

Muggeridge et al. (2013b) also based their hypoxic steady state intensity on a hypoxic  

O2max test. In our study, 50% of maximum power output was based on a normoxic     

O2max test. It is likely that in our study, 50% power in normoxia was equivalent to a 

greater percentage of maximal workload in hypoxia, making it more difficult to maintain 

metabolic steady state. However, while the exercise intensity had a greater physiological 

cost (e.g., VE and HR were higher) in hypoxia compared to normoxia, hypoxic exposure 

for both BR and PL trials was consistent, allowing for direct comparison between 

hypoxic steady state trials. Furthermore, measured economy and O2 did not differ 

between normoxic and hypoxic steady state trials in our study. While subjects may have 

been slightly less economical in hypoxia, it was not obvious from our collected 

metabolic data that the chosen intensity was too high to maintain steady state, despite 

subjects working harder in hypoxic than in normoxic trials.   

The HR and VE were significantly increased and SpO2 and TOI significantly 

decreased during the hypoxic PL economy trial compared to the normoxic PL trial in our 

study; however, these variables were unchanged between BR and PL trials in both 

normoxia and hypoxia. Previously, Masschelein et al. (2012), demonstrated 

improvement in SpO2 as well as TOI in the vastus lateralis during steady state cycling at 

45% maximum power after supplementing with a BR dose of 0.07 mmol NO3
-·kg-1·day-1 

for six days prior to testing (equating to ~5.25 mmol NO3
- in a 75 kg individual). In that 

study, hypoxic exercise trials were completed at a simulated altitude of 5000 m, making 

the exposure more severe than ours, and mean SpO2 during steady-state exercise was 

below 70%. On average, SpO2 during hypoxic steady-state cycling in our study was 88% 

with BR and 87% with PL; given that we did not find a difference in saturation between 

V

V

V

V
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the supplement trials, it is possible that there needs to be a greater degree of hypoxemia 

for BR to have an effect on blood oxygen saturation. Similar to our study, Muggeridge 

et al. (2013b) demonstrated no difference in steady-state SpO2 between BR and PL trials 

at a simulated altitude of 2500 m. At an oxygen saturation of ~88%, oxygen 

concentration remains on the relatively flat portion of the oxygen dissociation curve. It is 

possible that if BR attenuated a decrease in saturation through NO availability, it would 

be more obvious at higher altitudes, because the conversion of NO2
- to NO is potentiated 

as oxygen tension falls and the oxygen dissociation curve becomes much steeper (i.e., 

small effects would cause a greater shift in SpO2). If this were correct, the efficacy of 

BR supplementation would correlate with severity of hypoxic exposure.  

 

2.5.5 10-km TT performance 

Acute BR supplementation did not improve 10-km TT performance relative to 

PL in either normoxia or hypoxia in our study: there was not a significant difference 

between time to complete the TT, mean power output or mean O2. TOI and SpO2 did 

not differ between BR and PL supplementation. As expected, hypoxia impaired TT 

performance:  SpO2 and mean O2 were significantly lower, time to complete 10-km 

significantly increased, and mean power output was decreased by ~17% in hypoxia 

relative to normoxia. 

Data from Muggeridge et al. (2013b) indicated an improvement in 16.1-km TT 

performance following acute BR supplementation at a simulated altitude of 2500 m (70 

mL; ~5 mmol NO3
-); however, as discussed earlier, these authors tested their subjects 

three hours post-supplementation, potentially allowing more time for NO3
- and NO3

- to 

peak. 

Previous studies testing trained cyclists suggested that some individuals are 

“responders” to BR supplementation. Christensen et al., (2012) supplemented with 500 

mL (0.5 g NO3
-, ~8 mmol NO3

-) BR per day for six days and had subjects complete a 

two-hour cycling warm-up consisting of moderate- to high-intensity blocks, followed by 

a 400 kcal TT. Although there was no significant improvement with BR, these authors 

identified two responders ( O2max of 71 and 74 ml·kg-1·min-1) as individuals who had a 

V

V

V
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2.5% and 8% improvement, respectively, in the 400 kcal TT. These individuals did not 

differ from the rest of the subjects in baseline plasma [NO3
-]. Wilkerson et al. (2012) 

also did not report an overall significant improvement in trained cyclists over a 50-mile 

TT with an acute 500 mL dose of BR containing 6.2 mmol NO3
-; however, six of eight 

subjects demonstrated a performance improvement, and O2 tended to be lower, 

resulting in an improved economy.   

Unlike the two studies of highly trained cyclists discussed above (Christensen et 

al., 2012; Wilkerson et al., 2012), individual subjects were not identified as responders 

in our study. Subjects were not tested repeatedly in each environmental condition and 

we therefore could not conclude whether any differences in performance between BR 

and PL were due to chance or the effect of supplementation, on an individual basis (i.e. 

when the overall result is no effect, some subjects will inevitably demonstrate an effect 

(“responders”) and some subjects will not (“non-responders”), as data will be dispersed 

around the mean). Mean O2max (67.5 [5.8] ml·kg-1·min-1) in our study was slightly 

higher than the average in the Wilkerson et al. (2012) (63 [8] ml·kg-1·min-1). The NO3
- 

dose in the BR supplement was similar between the two studies, but differences in 

results are unlikely due to a difference in fitness. However, subjects tested by 

Christensen et al. (2012) had a mean O2max of 72.1 [4.5] ml·kg-1·min-1, indicating that 

while fitness likely affects the efficacy of BR, it may not fully explain the discrepancy 

between our study and previous research. If BR does have an effect, the most likely 

reason for this discrepancy could be a combination of subject weight and acute 

standardized dosage. However, on average, our subjects were similar to subjects in these 

studies (75.9 [6.5] kg in our study vs. 69 [8] kg (Christensen et al., 2012) and 79 [9] kg 

(Wilkerson et al., 2012), but were provided with a small, acute dose of NO3
- (i.e., 6.5 

mmol or ~0.09 mmol·kg-1). While this dose was nearly equivalent by weight to the 

Wilkerson et al., (2012) study (0.08 mmol·kg-1) where most subjects improved with BR, 

Christensen et al., (2012) provided subjects with a dose of ~0.11 mmol·kg-1 over six 

days and identified only two subjects as benefitting from BR. The relative dose-by-

weight of the subjects with the greatest improvement with BR in these studies are 

unknown. Cycling protocols in these studies were also different from the present study, 

with both protocols having a longer duration warm-up and TT relative to our study. As 

V

V

V
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mean power output remained high in these other studies, it is possible that the effects of 

BR may be more evident in longer-duration exercise as [NO3
-] and [NO2

-] peak; 

however, it should be noted that Cermak et al. (2012b) reported that acute BR 

supplementation with ~8.7 mmol NO3
- did not improve performance of a 1073 [21] kJ 

(~1-hour) TT. Average power output during that trial was reasonably high (275 [7] W 

with BR vs. 278 [7] W with PL), corresponding to ~70% maximal power output. 

Finding a balance between dose-response and exercise duration and intensity should be a 

primary goal for individual athletes wishing to improve performance with BR. 

Improvement of shorter TT distances has also been reported with BR 

supplementation. Cermak et al. (2012a) demonstrated an improvement in a 10-km TT in 

trained cyclists supplemented with 140 mL BR (~8 mmol NO3
-) over 6 days; however, 

their study involved a supplement loading protocol and a longer warm-up (allowing 

more time for plasma NO2
- or NO3

- to peak) than our study, both factors that may play a 

role in enhancing BR-related performance gains.  

Overall, results from studies in the literature indicated that the effect of BR is 

smaller in trained athletes than in untrained individuals, and that the effect is nearly 

undetectable for TT performance (e.g., G = 0.11, 95% CI = -0.16, 0.37) (Hoon et al., 

2013b). While these were expected outcomes in our study in normoxia, our hypothesis 

that any effect of BR would be more obvious in hypoxia was not supported by our data, 

in contrast to results from Muggeridge et al. (2013b). As the most directly comparable 

study, these authors demonstrated a significant performance improvement in time to 

complete a 16.1-km TT, with nine subjects and a calculated effect size of D = 0.67. Both 

our study and Muggeridge et al. (2013b) had small sample sizes (twelve and nine 

subjects, respectively). Therefore any differences in our conclusions are most likely the 

result of a lack of statistical power due to small sample size resulting in high sampling 

variability. Considering the conservative effect size of BR (G = 0.11) suggested by 

Hoon et al. (2013b), and assuming an alpha level of 0.05, with the 12 subjects tested in 

this study, we would have a 6% chance of detecting an effect with BR. Using the same 

assumptions, Muggeridge et al. (2013b) would have a 5% chance of finding the effect of 

BR that they reported. If we assume that BR would be more effective in hypoxia than in 

normoxia, and assume the upper limit effect size calculated by Hoon et al. (2013b), G = 
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0.37, we would have a 22% chance of demonstrating an effect of BR, and Muggeridge et 

al. (2013b) would have a 16% chance. If we test the effect size suggested by 

Muggeridge et al., (2014) in hypoxia, D = 0.67, these authors would have a 42% chance 

of finding their original result in a follow-up experiment (with their sample size of nine 

subjects). Our study would have a 56% chance of detecting a difference with BR with 

the same assumptions (n=12). Therefore, it is likely that the effect of BR falls 

somewhere between the two studies, although the main difference is likely sampling 

variability. With a calculated Cohen’s D of 0.18 in our study, and of 0.67 in the study by 

Muggeridge et al. (2013b), the weighted mean of the effect of BR in hypoxia is 0.39. 

For 80% power, we would require 43 subjects to see an effect of BR. While the data in 

our study do not directly indicate that BR would be effective for improving TT 

performance, the results are in the direction of our hypothesis. Thus, in the future studies 

investigating BR for TT performance in hypoxia would need to increase sample size, or 

change other variables (e.g., increase altitude, increase supplement) to increase statistical 

power. While the sample size could be increased in order to show a “statistically 

significant finding,” it is also worth considering that the effect appears to be small and 

highly variable. In this regard, BR is unlikely to negatively affect performance, but it 

may not be worthwhile for athletes to consume BR when competing in hypoxia in lieu 

of other methods to legally and safely enhance performance, whether currently known or 

yet to be discovered.  

 

2.5.6 Summary 

 The primary outcome of this study was that cycling performance was not 

improved following supplementation with BR relative to PL, although performance was 

negatively impacted by hypoxic exposure. There were no differences in economy or 

time trial performance between BR and PL trials. Resting blood pressure was also 

similar pre- and post- supplementation with BR or PL trials and FENO did not increase 

post-BR supplemention, indicating that the supplement was not sufficient to increase 

NO production in the body.	  
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3. Conclusion 

 BR supplementation has become popular with athletes, although the few studies 

investigating highly trained individuals in normoxia indicate that its efficacy may be 

limited in this population. Aerobic capacity is decreased in hypoxia and highly trained 

athletes experience greater decrements in endurance performance than untrained 

individuals in hypoxia. Previous research has indicated that even if athletes do not 

benefit from BR in normoxia, the supplements may be ergogenic at altitude. The 

proposed mechanisms of action behind BR supplementation may be particularly 

effective in hypoxia, where the NOS system and aerobic performance are both limited. 

Our data, however, does not support this postulate. In our study, twelve male subjects 

completed four cycling trials consisting of a 15-minute warm-up, 15-minute steady-state 

cycling at 50% of maximum power output and a 10-km TT in a randomized protocol, 

with single-blind environmental condition (sea level or 2500 m) and double-blind 

supplementation (BR or PL). Our BR supplementation protocol had no effect on FENO 

or resting BP. Hypoxic exposure increased HR and VE and decreased steady-state SpO2 

and TOI relative to normoxia, but there was no difference in any variables between BR 

and PL supplementation. Performance in 10-km TT was negatively affected by hypoxia, 

but there was no difference in 10-km TT performance measures between BR and PL 

trials. Overall, the lack of effect of BR in our study is likely attributable to relatively 

high subject fitness, the moderate severity of our hypoxic exposure, and our dosing 

protocol. 

 

3.1 Conclusions regarding thesis hypotheses	  
 

Hypothesis 1: I accept our hypothesis that BR would have no performance enhancing 

effect in normoxia. BR did not improve markers of exercise performance in normoxia.  

 

Hypothesis 2: I reject our hypothesis that BR would improve these markers in hypoxia, 

relative to PL. BR did not improve markers of exercise performance in moderate 

hypoxia.  
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Hypothesis 3: I reject our hypothesis that BR would decrease resting blood pressure.  

BR did not lower resting systolic or diastolic BP relative to PL following acute BR 

supplementation.  

 

Hypothesis 4: I accept our hypothesis that FENO would increase after consumption of 

BR. FENO was significantly increased with BR compared to PL.  

 

3.2 Strengths, limitations, future directions 

 This is the first study to compare the effect of BR supplementation on exercise 

tolerance and performance in trained athletes in normoxia and hypoxia in a double blind, 

randomized, crossover design. The BR product is commercially available and the acute 

supplementation protocol used is representative of realistic practices for athletes in 

training or at competition.  In designing the experiments, we chose to use a BR dose that 

falls within the recommended “safe” guidelines for NO3
- supplementation (Lundberg et 

al., 2011a).  Anecdotally, subjects could not differentiate between the BR and PL 

supplements, confirming the strength of the double blind.  

During the course of this project, data was published indicating that there is a 

dose-response effect with BR (Wylie et al., 2013a) suggesting that the BR dose in this 

study was too small to have a significant effect on performance (although other studies 

have demonstrated performance improvement with a similar dose to ours, e.g., 

Muggeridge et al., (2014)). As Wylie et al. (2013a) reported no adverse events in their 

study with increasing NO3
- dose; it may be necessary to revisit guidelines for what is a 

“safe” acute dose. These authors also demonstrated that supplementing with BR 

containing 16.8 mmol NO3
- resulted in no greater improvement to performance than BR 

containing 8.4 mmol NO3
-. This conclusion is particularly relevant to athletes and 

warrants further investigation. 

Although we did not report any significant performance related results, other 

studies have shown BR to have a positive effect on performance. Variables affecting the 

efficacy of BR should be investigated. Future studies should also investigate the best BR 

dose relative to fitness. Realistically, each athlete will have a different optimal dose, 

possibly based on fitness and weight. BR supplementation protocols should be 
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developed on a case-by-case basis to balance maximized performance with potential 

risks. To this end, general BR supplementation guidelines and recommendations should 

also be developed as a starting point for athletes and coaches. The effect of BR during 

acute hypoxic exposures (from low to high altitude) and chronic altitude acclimatization 

should also be further investigated. Despite the lack of effect on performance in this 

study, the increase in FENO following BR supplementation indicates increased NO 

production. NO production has previously been suggested to be important for functional 

adaptation to hypoxia (Erzurum et al., 2007). Therefore, there may be beneficial effects 

at the molecular level that were not great enough to cause a statistically detectable 

change in exercise performance in this thesis study. Longitudinal studies assessing 

safety of long term NO3
- supplementation are also important.  

Part of the appeal of supplementing with BR products is that beets may be 

considered a “functional food” (Reid 2013) that could enhance sport performance 

through consumption of a healthy diet. While this study focused specifically on whether 

the [NO3
-] in our BR dose would improve performance, other components of BR juice 

have also been suggested as potential performance enhancers. For example, betaine is 

gaining interest in sport literature, and has been demonstrated to benefit repeated cycling 

sprint performance (Pryor et al., 2012). Beets also contain antioxidant compounds 

(Kanner et al., 2001), which may be helpful in recovery. It is possible that these 

components in beets work synergistically in the body, and are collectively involved in 

the overall performance enhancement that has been demonstrated with BR 

supplementation. As our BR and PL supplement were identical aside from NO3
- 

concentration, this could have affected our results. It would be worthwhile to study these 

components separately to determine pathways that could be further manipulated to 

benefit sport performance, and to perhaps reveal other so-called functional foods.  

	  
	  
	  
	  
	  



	   45	  

Bibliography 

	  
Avery, A. (1999). Infantile methemoglobinemia: reexamining the role of drinking water 

nitrates. Environmental Health Perspectives, 107(7), 583-586. 
 
Bailey, S. J., Winyard, P., Vanhatalo, A., Blackwell, J. R., DiMenna, F. J., Wilkerson, 

D. P., et al. (2009). Dietary nitrate supplementation reduces the O2 cost of low-
intensity exercise and enhances tolerance to high-intensity exercise in humans. 
Journal of Applied Physiology, 107(4), 1144-1155. 

 
Bailey, S. J., Fulford, J., Vanhatalo, A., Winyard, P. G., Blackwell, J. R., DiMenna, F. 

J., et al. (2010). Dietary nitrate supplementation enhances muscle contractile 
efficiency during knee-extensor exercise in humans. Journal of Applied 
Physiology, 109(1), 135-148. 

 
Bassett, D., & Howley, E. (2000). Limiting factors for maximum oxygen uptake and 

determinants of endurance performance. Medicine and Science in Sports and 
Exercise, 32(1), 70-84. 

 
Baylis, C., Mitruka, B., & Deng, A. (1992). Chronic blockade of nitric oxide synthesis 

in the rat produces systemic hypertension and glomerular damage. Journal of 
Clinical Investigation, 90(1), 278-281. 

 
Bergeron, M., Bahr, R., Millet, G., Mountjoy, M., Racinais, S., Rasmussen, P., et al. 

(2012). International Olympic Committee consensus statement on 
thermoregulatory and altitude challenges for high-level athletes. British Journal 
of Sports Medicine, 46(11), 770-779. 

 
Bogdan, C. (2001). Nitric oxide and the immune response. Nature Immunology, 2(10), 

907-916. 
 
Bond, H., Morton, L., & Braakhuis, A. (2012). Dietary nitrate supplementation improves 

rowing performance in well-trained rowers. International Journal of Nutrition 
Exercise and Metabolism, 22(4), 251-256. 

 
Bond, V., Curry, B., Adams, R., Millis, R., & Haddad, G. (2013). Cardiorespiratory 

function associated with dietary nitrate supplementation. Applied Physiology 
Nutrition and Metabolism, e-First article, 1-5. 

 
Bond, V., Curry, B., Adams, R., Asadi, M., Millis, R., & Haddad, G. (2013). Effects of 

dietary nitrates on systemic and cerebrovascular hemodynamics. Cardiology 
Research and Practice, Provisional ODF, 1-33. 

 
Bredt, D. S., & Snyder, S. H. (1994). Nitric oxide: A physiologic messenger molecule. 

Annual Review of Biochemistry, 63(1), 175-195. 
 



	   46	  

Brown, G. (1992). Control of respiration and ATP synthesis in mammalian mitochondria 
and cells. Biochemical Journal, 15, 1-13. 

 
Bärtsch, P., & Saltin, B. (2008). General introduction to altitude adaptation and 

mountain sickness. Scandinavian Journal of Medicine & Science in Sports, 18, 
1-10. 

 
Calbet, J., & Lundby, C. (2009). Air to muscle O2 delivery during exercise at altitude. 

High Altitude Medicine and Biology, 10(2), 123-134. 
 
Calbet, J. (2000). Oxygen tension and content in the regulation of limb blood flow. Acta 

Physiologica Scandinavica, 168(4), 465-472. 
 
Casey, D., & Joyner, M. (2012). Compensatory vasodilatation during hypoxic exercise: 

mechanisms responsible for matching oxygen supply to demand. Journal of 
Physiology, 15(590), 6321-6326. 

 
Cermak, N., Gibala, M., & Loon, L. v. (2012a). Nitrate supplementation's improvement 

of 10-km time-trial performance in trained cyclists. International Journal of 
Sport Nutrition Exercise and Metabolism, 22(1), 64-71. 

 
Cermak, N., Res, P., Stinkens, R., Lundberg, J., Gibala, M., & Loon, L. v. (2012b). No 

improvement in endurance performance after a single dose of beetroot juice. 
International Journal of Sport Nutrition Exercise and Metabolism, 22(6), 470-
478. 

 
Christensen, P., Nyberg, M., & Bangsbo, J. (2013). Influence of nitrate supplementation 

on VO2 kinetics and endurance of elite cyclists. Scandinavian Journal of 
Medicine and Science in Sports, 23(1), e21-e31. 

 
Cosby, K., Cannon, R. O., Martyr, S., Reiter, C. D., Patel, R. P., Crawford, J. H., et al. 

(2003). Nitrite reduction to nitric oxide by deoxyhemoglobin vasodilates the 
human circulation. Nature Medicine, 9(12), 1498-1505. 

 
Coyle, E. F., Sidossis, L. S., Horowitz, J. F., & Beltz, J. D. (1992). Cycling efficiency is 

related to the percentage of type I muscle fibers. Medicine & Science in Sports 
& Exercise, 24(7), 782-788. 

 
Dauncey, S. (2012). Can dietary nitrate supplements improve tolerance to hypoxia? ICS 

Medical Student Essay, 1, 1-12. 
 
Dempsey, J., & Wagner, P. (1999). Exercise-induced arterial hypoxemia. Journal of 

Applied Physiology, 87(6), 1997-2006. 
 
Ellison, G., Waring, C., Vicinanza, C., & Torella, D. (2012). Physiological cardiac 

remodelling in response to endurance exercise training: cellular and molecular 



	   47	  

mechanisms. Heart, 98, 5-10. 
 
Engan, H., Jones, A., Ehrenberg, F., & Schagatay, E. (2012). Acute dietary nitrate 

supplementation improves dry static apnea performance. Respiratory 
Physiology and Neurobiology, 182, 53-59. 

 
Erzurum, S. C., Feelisch, M., Ghosh, S., Beall, C. M., Stuehr, D. J., Hille, R., et al. 

(2007). Higher blood flow and circulating NO products offset high-altitude 
hypoxia among Tibetans. Proceedings of the National Academy of Sciences, 
104(45), 17593-17598. 

 
Ferguson, S., Hirai, D., Copp, S., Holdsworth, C., Allen, J., Jones, A., et al. (2013). 

Impact of dietary nitrate supplementation via beetroot juice on exercising 
muscle vascular control in rats. Journal of Physiology, 15, 547-557. 

 
Fulco, C., Rock, P., & Cymerman, A. (1998). Maximal and sub maximal exercise 

performance at altitude. Aviation Space and Environmental Medicine, 69(8), 
793-801. 

 
Fulford, J., Winyard, P., Vanhatalo, A., Bailey, S., Blackwell, J., & Jones, A. (2013). 

Influence of dietary nitrate supplementation on human skeletal muscle 
metabolism and force production during maximum voluntary contractions. 
Pflügers Archiv European Journal of Physiology, 465, 517-528. 

 
Galler, S., Hilber, K., & Göbesberger, A. (1997). Effects Of Nitric Oxide On Force-

generating Proteins Of Skeletal Muscle. Pflügers Archiv European Journal of 
Physiology, 434(3), 242-245. 

 
Ghofrani, H., Reichenberger, F., & Kohstall, M. (2004). Sildenafil increased exercise 

capacity during hypoxia at low altitudes and at Mount Everest Base Camp. ACC 
Current Journal Review, 13(11), 13-14. 

 
Green, D. J. (2004). Effect of exercise training on endothelium-derived nitric oxide 

function in humans. The Journal of Physiology, 561(1), 1-25. 
 
Hackett, P., & Roach, R. (2001). High-altitude illness. New England Journal of 

Medicine, 345(17), 1279-1281. 
 
Hernàndez, A., Schiffer, T., Ivarsson, N., Cheng, A., Bruton, J., Lundberg, J., et al. 

(2012). Dietary nitrate increases tetanic [Ca2+]i and contractile force in mouse 
fast-twitch muscle. Journal of Physiology, 1, 3575-3583. 

 
Hobbs, D., Kaffa, N., George, T., Methven, L., & Lovegrove, J. (2012). Blood pressure-

lowering effects of beetroot juice and novel beetroot-enriched bread products in 
normotensive male subjects. British Journal of Nutrition, 14, 2066-2074. 

 



	   48	  

Hobbs, D., Goulding, M., Nguyen, A., Malaver, T., Walker, C., George, T., et al. 
(2013). Acute ingestion of beetroot bread increases endothelium-independent 
vasodilation and lowers diastolic blood pressure in healthy men: a randomized 
controlled trial. Journal of Nutrition, 143, 1399-1405. 

 
Hoon, M., Jones, A., Johnson, N., Blackwell, J., Broad, E., Lundy, B., et al. (2013a). 

The effect of variable doses of inorganic nitrate-rich beetroot juice on simulated 
2000 m rowing performance in trained athletes. International Journal of Sports 
Physiology and Performance, Epub, ahead of print. 

 
Hoon, M., Johnson, N., Chapman, P., & Burke, L. (2013b). The effect of nitrate 

supplementation on exercise performance in healthy individuals: a systemic 
review and meta-analysis. International Journal of Sport Nutrition and Exercise 
Metabolism, 23(5), 522-532. 

 
Hu, F. B. (2003). The Mediterranean diet and mortality–olive oil and beyond. New 

England Journal of Medicine, 348(26), 2595-2596. 
 
Jones, A. M. (1998). A five year physiological case study of an Olympic runner. British 

Journal of Sports Medicine, 32(1), 39-43. 
 
Jones, A. (n.d.). Nitrate supplementation and exercise performance. Nestle Nutrition 

Institute. Retrieved December 21, 2013, from 
http://www.nestlenutritioninstitute.org/resources/library/Free/workshop/NNIW7
5/Documents/Nitrate-Supplementation-and-Exercise-Performance.pdf 

 
Jones, A., Bailey, S., & Vanhatalo, A. (2012). Dietary nitrate and O2 consumption 

during exercise. Medicine and Sport Science, 59, 29-35. 
 
Jones, A. M., & Carter, H. (2000). The effect of endurance training on parameters of 

aerobic fitness. Sports Medicine, 29(6), 373-386. 
 
Joyner, M. J., & Coyle, E. F. (2007). Endurance exercise performance: The physiology 

of champions. The Journal of Physiology, 586(1), 35-44. 
 
Joyner, M., & Casey, D. (2013). Muscle blood flow, hypoxia and hypoperfusion. 

Journal of Applied Physiology, Epub, ahead of print. 
 
Kanematsu, Y., Tsuchiya, K., Yamaguchi, K., Tamaki, T., Tomita, S., Kagami, S., et al. 

(2008). Dietary doses of nitrite restore circulating nitric oxide level and improve 
renal injury in L-NAME-induced hypertensive rats. AJP: Renal Physiology, 
295(5), F1457-F1462. 

 
Kanner, J., Harel, S., & Granit, R. (2001). Betalains a new class of dietary cationized 

antioxidants. Journal of Agricultural and Food Chemistry, 49(11), 5178-5185. 
 



	   49	  

Kapil, V., Webb, A. J., Maleki-Toyserkani, S., Okorie, M., Milsom, A. B., Ahluwalia, 
A., et al. (2010). Inorganic nitrate supplementation lowers blood pressure in 
humans: Role for nitrite-derived NO. Hypertension, 56(2), 274-281. 

 
Kapil, V., Haydar, S., Pearl, V., Lundberg, J., Weitzberg, E., & Ahluwalia, A. (2013). 

Physiological role for nitrate-reducing oral bacteria in blood pressure control. 
Free Radical Biology and Medicine, 55, Epub. 

 
Kelly, J., Fulford, J., Vanhatalo, A., Blackwell, J., French, O., Bailey, S., et al. (2013). 

Effects of short-term dietary nitrate supplementation on blood pressure, O2 
uptake kinetics, and muscle and cognitive function in older adults. American 
Journal of Regulatory Integrative and Comparative Physiology, 15, R73-R83. 

 
Kenjale, A., Ham, K., Stabler, T., Robbins, J., Johnson, J., Vanbruggen, M., et al. 

(2011). Dietary nitrate supplementation enhances exercise performance in 
peripheral arterial disease. Journal of Applied Physiology, 110, 1582-1591. 

 
Lanceley, R., Ranchordas, M., & Ruddock, A. (2013). Effects of dietary nitrate 

supplementation on 5 km running time trial performance in trained female 
runners. British Journal of Sports Medicine, 47, e4. 

 
Lane, S., Hawley, J., Desbrow, B., Jones, A., Blackwell, J., Ross, M., et al. (2013). 

Single and combined effects of beetroot juice and caffeine supplementation on 
cycling time trial performance. Applied Physiology Nutrition and Metabolism, 
Online. 

 
Lansley, K., Winyard, P., Bailey, S., Vanhatalo, A., Wilkerson, D., Blackwell, J., et al. 

(2011a). Acute dietary nitrate supplementation improves cycling time trial 
performance. Medicine and Science in Sports and Exercise, 43, 1125-1131. 

 
Lansley, K. E., Benjamin, N., Gilchrist, M., DiMenna, F. J., Blackwell, J. R., Bailey, S. 

J., et al. (2011b). Dietary nitrate supplementation reduces the O2 cost of 
walking and running: A placebo-controlled study. Journal of Applied 
Physiology, 110(3), 591-600. 

 
Larsen, F. J., Weitzberg, E., Lundberg, J. O., & Ekblom, B. (2010). Dietary nitrate 

reduces maximal oxygen consumption while maintaining work performance in 
maximal exercise. Free Radical Biology and Medicine, 48(2), 342-347. 

 
Larsen, F. J., Schiffer, T. A., Borniquel, S., Sahlin, K., Ekblom, B., Lundberg, J. O., et 

al. (2011). Dietary inorganic nitrate improves mitochondrial efficiency in 
humans. Cell Metabolism, 13(2), 149-159. 

 
Levine, B. D. (2007). VO2max: What do we know, and what do we still need to know? 

The Journal of Physiology, 586(1), 25-34. 
 



	   50	  

Lidder, S., & Webb, A. (2013). Vascular effects of dietary nitrate (as found in green 
leafy vegetables and beetroot) via the nitrate-nitrite-nitric oxide pathway. British 
Journal of Clinical Pharmacology, 75, 677-696. 

 
Liu, A., Bondonno, C., Croft, K., Puddey, I., Woodman, R., Rich, L., et al. (2013). 

Effects of a nitrate-rich meal on arterial stiffness and blood pressure in healthy 
volunteers. Nitric Oxide, 30, 123-130. 

 
Lundberg, J. (2004). Inorganic nitrate is a possible source for systemic generation of 

nitric oxide. Free Radical Biology and Medicine, 1, 395-400. 
 
Lundberg, J. O. (2005). NO generation from nitrite and its role in vascular control. 

Arteriosclerosis, Thrombosis, and Vascular Biology, 25(5), 915-922. 
 
Lundberg, J. O., & Weitzberg, E. (2008). Nitrite reduction to nitric oxide in the 

vasculature. AJP: Heart and Circulatory Physiology, 295(2), H477-H478. 
 
Lundberg, J. O., Larsen, F. J., & Weitzberg, E. (2011a). Supplementation with nitrate 

and nitrite salts in exercise: A word of caution. Journal of Applied Physiology, 
111(2), 616-617. 

 
Lundberg, J., Weitzberg, E., Shiva, S., & Gladwin, M. (2011b). The nitrate-nitrite-nitric 

oxide pathway in mammals. Nitrite and Nitrate in Human Health and Disease 
(pp. 21-48). Online: Springer Link. 

 
Lundberg, J. O., Feelisch, M., Björne, H., Jansson, E., & Weitzberg, E. (2006). 

Cardioprotective effects of vegetables: Is nitrate the answer? Nitric Oxide, 
15(4), 359-362. 

 
Lundberg, J. O., Weitzberg, E., & Gladwin, M. T. (2008). The Nitrate-nitrite-nitric 

oxide pathway in physiology and therapeutics. Nature Reviews Drug Discovery, 
7(2), 156-167. 

 
Lundberg, J. O., & Weitzberg, E. (2010). NO-synthase independent NO generation in 

mammals. Biochemical and Biophysical Research Communications, 396(1), 39-
45. 

 
Lundby, C., Saltin, B., Chapman, R. F., Stager, J. M., Stray-Gundersen, J., Mazzeo, R. 

S., et al. (2006). Exercise economy does not change after acclimatization to 
moderate to very high altitude. Scandinavian Journal of Medicine and Science 
in Sports, 17(3), 281-291 

 
MacMicking, J., Xie, Q., & Nathan, C. (1997). Nitric oxide and macrophage function. 

Annual Review of Immunology, 15(1), 323-350. 
 
Marmor, M. F., & Kessler, R. (1999). Sildenafil (Viagra) and pphthalmology. Survey of 



	   51	  

Ophthalmology, 44(2), 153-162. 
 
Martin, D. S., Levett, D. Z., Grocott, M. P., & Montgomery, H. E. (2010). Variation in 

human performance in the hypoxic mountain environment. Experimental 
Physiology, 95(3), 463-470. 

 
Masschelein, E., Thienen, R., Wang, X., Schepdael, A., Thomis, M., & Hespel, P. 

(2012). Dietary nitrate improves muscle but not cerebral oxygenation status 
during exercise in hypoxia. Journal of Applied Physiology, 1, 736-745. 

 
McArdle, W. D., & Katch, V. L. (2007). Exercise physiology: energy, nutrition, and 

human performance. (6th ed.). Baltimore, MD: Lippincott Williams & Wilkins. 
 
Mensinga, T. T., Speijers, G. J., & Meulenbelt, J. (2003). Health implications of 

exposure to environmental nitrogenous compounds. Toxicological Reviews, 
22(1), 41-51. 

 
Millet, G. P., Roels, B., Schmitt, L., Woorons, X., & Richalet, J. (2010). Combining 

hypoxic methods for peak performance. Sports Medicine, 40(1), 1-25. 
 
Modin, A., Björne, H., Herulf, M., Alving, K., Weitzberg, E., & Lundberg, J. (2001). 

Nitrite-derived nitric oxide: A possible mediator of “acidic-metabolic” 
vasodilation. Acta Physiologica Scandinavica, 171(1), 9-16. 

 
Muggeridge, D., Howe, C., Spendiff, O., Pedlar, C., James, P., & Easton, C. (2013). The 

effects of a single dose of concentrated beetroot juice on performance in trained 
flat water kayakers. International Journal of Sport Nutrition and Exercise 
Metabolism, 23, 498-506. 

 
Muggeridge, D., Howe, C., Spendiff, O., Pedlar, C., James, P., & Easton, C. (2014). A 

single dose of beetroot juice enhances cycling performance in simulated 
altitude. Medicine and Science in Sports and Exercise, 46, 143-150. 

 
Murphy, M., Eliot, K., Heuertz, R., & Weiss, E. (2012). Whole beetroot consumption 

acutely improves running performance. Journal of the Academy of Nutrition and 
Dietetics, 112, 548-552. 

 
Niebauer, J., & Cooke, J. (1996). Cardiovascular effects of exercise: Role of endothelial 

shear stress. Journal of the American College of Cardiology, 28, 1652-1660. 
 
Olin, A., Aldenbratt, A., Ekman, A., Ljungkvist, G., Jungersten, L., Alving, K., et al. 

(2001). Increased nitric oxide in exhaled air after intake of a nitrate-rich meal. 
Respiratory Medicine, 95(2), 153-158. 

 
Palmer, R. M., Ashton, D. S., & Moncada, S. (1988). Vascular endothelial cells 

synthesize nitric oxide from L-arginine. Nature, 333(6174), 664-666. 



	   52	  

 
Paszkowiak, J. J., & Dardik, A. (2003). Arterial wall shear stress: Observations from the 

bench to the bedside. Vascular and Endovascular Surgery, 37(1), 47-57. 
 
Pryor, J., Craig, S., & Swensen, T. (2012). Effect of betaine supplementation on cycling 

sprint performance. Journal of the International Society of Sports Nutrition, 9, 
1-7. 

 
Reid, K. (2013). Performance food: Promoting foods with a functional benefit in sports 

performance. Nutrition Bulletin, 38, 429-437. 
 
Scotland, R. S. (2005). Investigation of vascular responses in endothelial nitric oxide 

synthase/cyclooxygenase-1 double-knockout mice: Key role for endothelium-
derived hyperpolarizing factor in the regulation of blood pressure in vivo. 
Circulation, 111(6), 796-803. 

 
Sheel, A., MacNutt, M., & Querido, J. (2010). The pulmonary system during exercise in 

hypoxia and the cold. Experimental Physiology, 95, 422-430. 
 
Siervo, M., Lara, J., Ogbonmwan, I., & Mathers, J. (2013). Inorganic nitrate and 

beetroot juice supplementation reduces blood pressure in adults: a systemic 
review and meta-analysis. Journal of Nutrition, 143, 818-826. 

 
Storz, J. F., Scott, G. R., & Cheviron, Z. A. (2010). Phenotypic plasticity and genetic 

adaptation to high-altitude hypoxia in vertebrates. Journal of Experimental 
Biology, 213(24), 4125-4136. 

 
Thoonen, R., Sips, P., Bloch, K., & Buys, E. (2013). Pathophysiology of hypertension in 

the absence of nitric oxide/cyclic GMP signalling. Current Hypertension 
Reports, 15, 47-58. 

 
Torre, A. l., Pavei, G., Porcelli, S., Rejc, E., Bonato, M., Marzorati, M., et al. (2013). 

Effects of nitrate supplementation on repeated sprint performance in healthy 
subjects. Sport Sciences for Health, 9, 76.S35. 

 
Vanhatalo, A., Bailey, S. J., Blackwell, J. R., DiMenna, F. J., Pavey, T. G., Wilkerson, 

D. P., et al. (2010). Acute and chronic effects of dietary nitrate supplementation 
on blood pressure and the physiological responses to moderate-intensity and 
incremental exercise. AJP: Regulatory, Integrative and Comparative 
Physiology, 299(4), R1121-R1131. 

 
Vanhatalo, A., Fulford, J., Bailey, S. J., Blackwell, J. R., Winyard, P. G., & Jones, A. M. 

(2011). Dietary nitrate reduces muscle metabolic perturbation and improves 
exercise tolerance in hypoxia. The Journal of Physiology, 15, 5517-5528. 

 
Wagner, P. (2010). The physiological basis of reduced VO2max in Operation Everest ll. 



	   53	  

High Altitude Medicine and Biology, 11, 209-215. 
 
Webb, A. J., Hobbs, A. J., Loukogeorgakis, S., Patel, N., Ahluwalia, A., MacAllister, R., 

et al. (2008). Acute blood pressure lowering, vasoprotective, and antiplatelet 
properties of dietary nitrate via bioconversion to nitrite. Hypertension, 51(3), 
784-790. 

 
West, J. B. (2005). Respiratory physiology: the essentials (7th ed.). Philadelphia: 

Lippincott Williams & Wilkins. 
 
Wherlin, J., & Hallan, J. (2006). Linear decrease in VO2max and performance with 

increasing altitude in endurance athletes. European Journal of Applied 
Physiology, 96, 404-412. 

 
Wilkerson, D., Hayward, G., Bailey, S., Vanhatalo, A., Blackwell, J., & Jones, A. 

(2012). Influence of acute dietary nitrate supplementation on 50-mile time trial 
performance in well-trained cyclists. European Journal of Applied Physiology, 
112, 4127-4134. 

 
Wilmore, J., Costill, D. L., & Kenney, W. (1999). Physiology of sport and exercise (4th 

ed.). Champaign, IL: Human Kinetics. 
 
Wylie, L., Mohr, M., Krupstrup, P., Jackman, S., Ermidis, G., Kelly, J., et al. (2013). 

Dietary nitrate supplementation improves team sport-specific intense 
intermittent exercise performance. European Journal of Applied Physiology, 
113, 1673-1684. 

 
Wylie, L., Kelly, J., Bailey, S., Blackwell, J., Skiba, P., Winyard, P., et al. (2013). 

Beetroot juice and exercise: pharmacodynamic and dose-response relationships. 
Journal of applied Physiology, 1, 325-336. 

 
Zhao, L., Mason, N., Morrell, N., Kojonazarov, B., Sadykov, A., Maripov, A., et al. 

(2001). Sildenafil inhibits hypoxia-induced pulmonary hypertension. 
Circulation, 24, 424-428. 

 
 
 
 
 
 
 
 
 



	   54	  

Appendix A 

	  
The effect of beetroot juice on exercise tolerance in moderate hypoxia 

Kristin MACLEOD*1, Martin MACINNIS1, Sean NUGENT1, Jim RUPERT1���(1): 
University of British Columbia, School of Kinesiology, Vancouver BC, Canada 

AIMS: ���Athletes often train and compete at moderate altitudes where hypoxia decreases 
endurance performance. Beetroot juice (BR) has been shown to lower the oxygen cost of 
exercise in normoxia, and therefore may be beneficial to performance in hypoxia. We 
investigated the effect of BR on steady state economy and 10-km time trial (TT) 
performance in normoxia, and in hypoxia (simulated altitude of 2500 m). 

METHODS: ���Trained male cyclists (VO2max ≥ 60 ml·kg-1·min-1) completed four 
exercise trials. Two hours prior to exercise, subjects consumed 70 mL BR (~6 mmol 
nitrate) or 70 mL placebo (nitrate-depleted BR) in a randomized, double-blind manner. 
Subjects then completed a 15-min self-selected warm up followed by a 15-min steady-
state bout at 50% max power output, and a 10-km time trial (TT) in either normoxia 
(~21% O2) or hypoxia (~16% O2). Environmental conditions were randomized and 

single-blind. Exercise economy (mL O2·min-1·W), oxygen saturation (SpO2), mean 
power output (MPO) and time to complete the 10-km TT were measured. 

RESUL TS ���: Economy at 50% power output was similar in hypoxic and normoxic 

conditions (mean [SD]: 14.5 [0.4] vs. 14.3 [1.2] mL O2·min-1·W; p > 0.05), but subjects 
had a significantly higher MPO in the normoxic TT (294 [44] W) relative to the hypoxic 
TT (246 [36] W; p < 0.05). BR did not affect economy (14.2 [1.4] vs. 14.3 [1.3] mL 

O2·min-1·W), SpO2 (98 [1.7] vs. 98 [1.4 %]), MPO (295 [42] vs. 293 [46] W) or time to 
complete the 10-km TT (941 [48] vs. 951 [58] s) relative to placebo in normoxia (p > 
0.05 in all comparisons). Similarly, in hypoxia, BR did not affect economy (14.6 [1.3] 

vs. 14.3 [1.2] mL O2·min- 1·W), SpO2 (87 [1.9] vs. 87 [2.1] %), MPO (244 [35] vs. 247 
[37] W) or time to complete the 10-km TT (1014 [61] vs. 1010 [55] s) relative to 
placebo (p > 0.05 in all comparisons). 

CONCLUSIONS: ���In a small sample of well-trained cyclists, BR did not improve 
exercise performance in normoxia or hypoxia; however, more subjects will need to be 
tested to confirm these conclusions if these data are to be applied to elite athletes. 
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Appendix B 

 
Table 8: Summary of studies using beetroot supplementation.  
Author  Participants BR protocol Exercise Protocol Conclusions 
 
Bailey et al., 2009 
 

 
8 healthy, 
recreationally 
active young 
men 

 
500 ml per day BR 
(11.2±0.6 mmol 
NO3

-) x 6 days. 
Double blind, cross-
over with cordial 
placebo 

 
Moderate- and 
severe-intensity 
exercise tests on last 
three days of 
supplementation 
(including TTE), 
cycling. 

 
BR reduced oxygen 
cost of exercise in 
both moderate and 
severe intensity, 
possibly related to 
improved 
mitochondrial 
efficiency. (Assessed 
muscle oxygen uptake 
kinetics) 
 

Bailey et al., 2010 
 

7 young men 500 ml per day of 
either BR (5.1 
mmol NO3

-) or PL 
for 6 consecutive 
days. Double blind, 
crossover 

Low- and high- 
intensity “step” 
exercise tests over 
last 3 days of 
supplementation 
(knee extensor 
exercise) 

BR decreased: muscle 
ATP turnover rate, 
ADP accumulation, 
muscle Pi 
accumulation, PCr 
depletion, VO2 
amplitude during low-
intensity exercise, 
VO2 slow-component 
during high-intensity 
exercise-increased 
severe exercise limit 
of tolerance 
 

Vanhatalo et al., 2010 
 

8 healthy 
adults (5 
males, 3 
females) 
physically 
active 
 

500 ml BR per day 
(5.2 mmol NO3

-) or 
500 ml low-calorie 
cordial placebo for 
15 days 

2 moderate-intensity 
step tests followed by 
ramp test repeated 
after 2.5 hrs 
following first 
ingestion, and after 5 
and 15 days of BR 
and PL 
 
 

Reduced BP, and O2 
cost of submaximal 
exercise, can be 
maintained for 15 
days if BR 
supplementation is 
continued. 

Kenjale et al., 2011 
 

4 male and 4 
female 
subjects; PAD 
patients 

Consumed either 
500 mL BR or 500 
mL orange juice 
(matched for 
calories, sugar, 
carbohydrates and 
protein) 120 min 
before second tests. 
Cross over 

Treadmill maximal 
cardiopulmonary test 

With BR subjects 
walked 18% longer 
before claudication 
pain onset, and had a 
17% longer peak 
walking time, 
reduction in fractional 
O2 extraction at 
working tissue, 
decreased DBP at rest 
and SBP and HR 
during recovery from 
max exercise. No 
changes in endothelial 
function 
 

Lansley et al., 2011a 
 

9 club-level 
competitive 
male cyclists 

500 ml BR (~6.2 
mmol NO3

-) or 500 
ml PL (NO3

- 
depleted BR) in a 

4 km and 16.1 km 
TT 

BR increased mean 
PO for both TT 
distances, although 
VO2 values did not 
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cross over design 
2.5 hours before TT 
 

differ (higher PO for 
same VO2) 

Lansley et al., 2011b  
 

9 healthy, 
physically 
active males 

500 ml BR per day, 
containing ~6.2 
mmol NO3

- or 500 
ml placebo for 6 
days (double blind, 
crossover)  

Treadmill VO2max 
Treadmill tests on 
days 4 (2x 6 min 
moderate-intensity 
running and one 
exhaustive bout of 
severe-intensity as a 
measure of exercise 
tolerance) & 5 (2x 6 
min bouts moderate-
intensity running and 
one 6 min bout of 
severe intensity 
running) for VO2 
responses 
Day 6, incremental 
single-legged knee-
extension exercise 
test 
 

BR reduced SBP, and 
O2 cost of walking, 
mod-intensity and 
severe-int running. 
BR improved TTE 
during severe-
intensity running. 
Mitochondrial 
oxidative capacity not 
different between BR 
and PL 

     
Vanhatalo et al., 2011 
 

7 males, 2 
females, 
healthy and 
moderately 
trained in rec 
sport 

750 mL BR (9.3 
mmol NO3

-) or 750 
mL NO3

- depleted 
BR (double blind, 
crossover) 24 hrs 
prior to hypoxia 
trials 

Knee-extension 
exercise to limit of 
tolerance–once in 
normoxia, twice in 
hypoxia (14.5% O2) 

Limit of tolerance 
reduced with hypoxia, 
but no difference 
between normoxic 
control and 
hypoxia+BR. BR 
reduced muscle 
metabolic perturbation 
[PCr, Pi, pH]. PCr 
recovery time was 
higher in hypoxia+PL 
vs hypoxia+BR and 
normoxia+control. 
Exercise tolerance and 
oxidative function 
restored with BR in 
hypoxia ≅ 
normoxia+control 
 

Bond et al., 2012 
 

14 well-trained 
male junior 
rowers 
 

500 ml BR or PL 
for 6 days (7 day 
washout) 

6 maximal 500 m 
ergometer repetitions  

Improved max 
rowing-ergometer 
reps (particularly reps 
4-6).  

Cermak et al., 2012a  
 

12 male 
cyclists 

6 days of 140 ml 
per day (8 mmol 
NO3

-) BR or NO3
- 

depleted BR 
(double blind, 
crossover) 14 day 
washout 

60 min submaximal 
cycling (2x 30 min at 
45% and 65% max 
watts) followed by 
10 km TT 

TT and PO improved 
with BR. Submaximal 
VO2 was lower with 
BR. Whole body fuel 
selection, plasma 
lactate, glucose and 
insulin did not differ 
between conditions 
 

Cermak et al., 2012b  
 

20 trained male 
cyclists 

140 mL 
concentrated BR or 
140 mL PL 2.5 hrs 
before TT. 
Randomized, 
double blind 

~1 hour TT BR did not improve 
TT performance, or 
PO. Plasma NO2

- 
higher following BR 
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Engan et al., 2012 
 

12 healthy men 
and women, 
trained breath-
hold divers 

70 ml BR or nitrate 
depleted BR 2.5 hrs 
prior to testing 

Static apnea series, 
of two-min sub-max 
apneas separated by 
3 min recovery, 
followed y 5 min 
recovery before final 
maximal effort apnea 

BR increased 
maximal apneic 
duration by 11%, 
significantly higher 
SaO2 for BR 
supplemented sub-
max apneas, SaO2 
lower with BR after 
max apneas (but 
longer duration), 
reduced MAP with 
BR 
 

 
Hobbs et al., 2012 
 

 
Study 1: 18 
normotensive, 
healthy males 
Study 2: 14 
healthy males 

 
Study 1: 
randomized to 
receive either 500 g 
H20, 100 g BR with 
400 g H20, 250 g 
BR with 250 g H20, 
or 500 g BR 
Study 2: 
randomized to 
receive either 200 g 
white bread, 200 g 
bread enriched with 
white beetroot 
(50% total weight), 
or 200 g bread 
enriched with red 
beetroot (50% total 
weight) 
 

 
ABP measured every 
15 minutes from 8 
am-1 pm, every 30 
minutes from 1-10 
pm and every 60 
minutes from 10 pm 
– 8 am. Urine 
collected at baseline, 
2 and 4 hrs post 
intervention and 24 
hrs post 

 
Nearly dose-
dependent decrease in 
ABP with BR 
enriched products.  

Masschelein et al., 2012 
 

15 young, 
physically 
active males 

6-day 
supplementation 
with 500 ml BR 
(0.07 mmol.kg-1 
nitrate) or apple-
blackcurrant juice 
in 5 equal doses 
throughout the day, 
and full dose 1-2 
hrs pre-exercise 
tests on the final 
day (single-blind, 
cross over) 

20 min submax 
constant load cycling 
at workload equal to 
45% VO2peak, and an 
maximal exercise test 
to volitional 
exhaustion (one 
normoxic control 
test, and hypoxic+PL 
and hypoxic+BR 
tests equivalent to 
5500 m) 

With BR, lower VO2 
at rest and during 45% 
ex test, SpO2 higher. 
BR partly negated 
decreased TTE in 
hypoxia. BR 
improved muscle 
oxygenation but not 
cerebral oxygenation 
in severe hypoxia. BR 
improved exercise 
tolerance, but there 
were similar AMS 
symptoms with both 
BR and PL 
 

Murphy et al., 2012 
 

11 
recreationally 
fit men and 
women 
 
 

Randomized cross 
over, 200 g baked 
whole beetroot or 
cranberry relish 75 
minutes pre-
exercise trials 
 

5-10 minutes self-
paced treadmill 
warm up followed by 
5 km running TT 

With BR: 3% faster 
TT, RPE lower over 
1st 1.6 km  

Wilkerson et al., 2012 
 

8 well trained 
male cyclists 

500 ml BR or 500 
ml NO3

- depleted 
BR 2.5 hrs before 
TT 

50 mile TT PO did not differ 
between conditions, 
but VO2 tended to be 
lower in BR (p=0.06) 
resulting in a greater 
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PO/VO2 ratio. BR did 
not improve TT 
performance. 
 

Bond et al., 2013a 
  

12 healthy 
females 

Randomized cross 
over 
supplementation 
with either 500 mL 
BR or 500 mL 
orange juice 

Steady state 
submaximal cycling, 
with three successive 
stages of 5 min at 
40%, 60% and 80% 
of VO2peak 

BR improved cerebral 
and systemic 
hemodynamics at rest 
and at 40% and 60% 
workloads 

 
Bond et al., 2013b 
 

 
12 healthy 
women 

 
500 mL BR or 
orange juice 
placebo 

 
Trials consisting of 
40%, 60% and 80% 
of VO2peak 
submaximal exercise 

 
BR decreased VO2, 
SBP and heart rate-
systolic pressure 
product at rest, and at 
40%, 60% and 80% of 
VO2peak 

    
Christensen et al., 2013 
 

10 elite trained 
male cyclists 

Cross over (with 
14-day washout in 
between 
supplementation 
periods). 6-day 
supplement period 
of either 500 ml BR 
(~0.5% NO3

-) or 
500 ml isocaloric 
PL (apple & 
blackcurrant drink) 

Baseline VO2max. 4th 
day of 
supplementation: 2 x 
6 min at 70 & iPPO 
separated by 60 min. 
Followed by RST of 
6x20 s sprints 
separated by 100 s 
low-int cycling. 6th 
day suppl: 1 x 6 min 
at 70% iPPO, 5 min 
later an endurance 
tests consisting of 2-
hr “pre-load” (20 min 
at 50% iPPO, 10 min 
variable int avg of 
~53% iPPO 4 times) 
followed by 400 kcal 
TT 
 

No significant 
changes in VO2 
kinetics, endurance 
capacity (no change in 
economy), and 
repeated sprint 
performance. Two 
responders benefitted 
from BR, with 
improved economy 

Fulford et al., 2013 
 

8 active males Double blind, 
randomized cross 
over. Two-week 
washout. 15 days 
500 mL per day BR 
or PL (NO3

- 
depleted BR) 
 
 

Short bouts of 
continuous exercise 
followed by a 
repetitive MVC 
protocol 

BR supplementation 
reduced PCr cost of 
contraction while 
maintaining muscle-
force generating 
capacity 

Hobbs et al., 2013 
 

23 healthy 
males 

200 g bread 
containing 100 g 
BR or 200 g white 
bread, randomized, 
open-label, 
crossover 

Postprandial 
microvascular 
vasodilation, arterial 
stiffness and 
ambulatory BP 
measured over 6 
hours 

BR bread increased 
endothelium-
independent 
vasodilation and 
decreased DBP 

 
Hoon et al., 2013a 
 

 
10 highly-
trained male 
rowers 

 
Double blind 
crossover 
supplementation 
with PL (0 mmol 
NO3

-), single BR 
(4.2 mmol), or 
double BR (8.4 

 
2000 m rowing TT 

 
Single BR 
demonstrated a 
negligible effect on 
TT performance. 
Double BR possibly 
beneficial to TT 
performance 
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mmol) 
 
Kelly et al., 2013 
 

 
6 male, 6 
female healthy 
adults (60-70 
yrs) 

 
3 days with BR 
(2x70 ml) or PL 
(NO3

- depleted BR) 
Double blind, 
randomized, cross 
over 

 
BP, sub-maximal 
ramp incremental 
treadmill ex test, 2x 6 
min walk tests 
(moderate intensity) 
followed by 10 min 
passive recovery. 3 
cognitive tests 

 
BR decreased resting 
BP (DBP/SBP/MAP), 
accelerated VO2 
kinetics during 
treadmill walking 
(though there was no 
improvement during 
the 6 minute walk 
tests). Cognitive 
performance 
unaltered.  
 

 
Lanceley et al., 2013 
 

 
11 trained 
females 
runners 

 
Double-blind, 
repeated measures 
crossover with 14 
day washout. 
Supplementation 
with either BR (~8 
mmol NO3

-) or PL 
for 4 days and 2.5 
hrs pre exercise 

 
5 km TT 

 
No main effect for 
BP,  
although slightly 
lower SBP with BR. 
TT performance 
unchanged between 
trials, with a trend 
towards 
improvements with 
BR.  

 
Lane et al., 2013 
 
 

 
12 male and 12 
female 
competitive 
cyclists 

 
Double blind latin 
squares design. 
Supplementation 
with either caffeine 
(3 mg·kg-1), BR (8.4 
mmol NO3

-), BR + 
caffeine, or no 
supplementation 
(control) 

 
Females: 29.35 km 
cycling TT 
 
Males: 43.83 km 
cycling TT 

 
Power output 
significantly increased 
with caffeine and 
caffeine + BR 
compared to control. 
BR not ergogenic 
alone or when 
combined with 
caffeine, compared to 
the caffeine trial. BR 
not ergogenic in this 
trial. 

 
Liu et al., 2013 
 
 

 
26 participants 
aged 38-69 
 

 
Randomized cross 
over, high (220 mg 
NO3

- from spinach) 
or low nitrate 
energy-matched 
meals 

 
Blood pressure and 
arterial stiffness 
measurements pre- 
and up to 210 min 
post meal 

 
Spinach resulted in 
higher large artery 
elasticity index, lower 
pulse pressure, and 
lower systolic BP 

 
Muggeridge et al., 2013 
 

 
8 male 
kayakers 

 
Randomized, cross 
over design. 70 mL 
concentrated BR or 
tomato juice PL 

 
3 x trials consisting 
of 15 min paddling at 
60% max work rate, 
five x ten-sec sprints 
and a 1 k TT (2nd and 
3rd trials with BR or 
PL) 

 
No difference in peak 
power or TT 
performance. VO2 
reduced. BR shows no 
effect with repeated 
supramaximal kayak 
sprints or 1 km TT 
performance.  

 
Torre et al., 2013 
 

 
7 healthy 
males 

 
Randomized 
double-blind 
crossover 
supplementation 
with either 0.5 
L/day spinach juice 
(5.5 mol/day NO3

-) 

 
Five “all out” 6 
second sprints on a 
cycle ergometer, 
separated by 24 
seconds passive 
recovery 

 
Absolute peak power 
not different between 
spinach and PL sprints 
1 and 2. Peak power 
significantly greater 
during sprints 3, 4 and 
5 with spinach 
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or PL 
     
Wylie et al., 2013a 
 
 
 

14 male, 
recreational 
team-sport 
players 
 

Double-blind, 
randomized 
crossover 490 mL 
BR or NO3

- 
depleted PL over 30 
hrs preceding test 

Yo-Yo intermittent 
recovery level 1 test  

Intermittent 
performance  
improved with BR. 
Lower blood glucose 
concentration and 
reduced plasma 
potassium increase 
with BR 
 

Wylie et al., 2013b  10 healthy 
males 

Randomized, cross 
over design. 70, 140 
or 280 mL 
concentrated BR 
containing 4.2, 8.4 
and 16.8 mmol 
NO3

- respectively, 
or NO3

- depleted PL  

24 hr assessment of 
dose on plasma 
[NO3

-] and [NO2
-]. 

On separate days, 
moderate- and 
severe- intensity 
cycle exercise tests  

Plasma [NO2
-] 

increased in a dose-
dependent matter. 140 
mL and 280 mL BR 
reduced steady-state 
VO 2 by 1.7% and 
increased time to task 
failure significantly 
 

 
Muggeridge et al., 2014 
 

 
9 competitive 
male cyclists 
 

 
70 mL concentrated 
BR or NO3

- 
depleted PL 

 
3 x trials consisting 
of 15 min steady 
state at 60% max 
work rate and a 16.1 
km TT at simulated 
2500 m 

 
VO2 lower during 
steady state exercise, 
and TT performance 
significantly faster 
with BR 
 

     
Note. BR: beetroot juice, PL: placebo, SBP: systolic blood pressure, DBP: diastolic blood pressure, ABP: 
ambulatory blood pressure, MAP: mean arterial pressure, I/R: ischemia reperfusion, VE: ventilation, RER: 
respiratory exchange ratio, PO: power output, RPE: rating of perceived exertion, PAD: peripheral arterial 
disease, iPPO: incremental test to peak power output, MVC: maximal voluntary contraction 
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Appendix C 

 

Normoxic and hypoxic air: 

Subjects breathed air from a normobaric hypoxia chamber while seated on the 

cycle ergometer outside of the chamber, through a breathing tube attached to the 

facemask. On hypoxic test days, subjects breathed ~16% O2 from the chamber to 

simulate an altitude of ~2500 m. On normoxic control days, subjects breathed ~21% O2, 

which corresponded to sea level. In either condition, the sounds and set-up of the 

exposure were indistinguishable, helping to enhance the quality of the environmental 

single-blind. With subjects sitting outside of the altitude chamber, low CO2 

concentrations could be maintained inside, as subjects exhaled to the metabolic cart 

outside the chamber. Analyzers were set up to continuously monitor FIO2 and FICO2 

from the chamber, and these values were later used to correct metabolic cart 

calculations. 

To use the metabolic cart when subjects were breathing air from the hypoxia 

chamber, analyzers (17625 O2 Analyzer and 17630 CO2 Analyzer, Vacumed, Ventura, 

CA) were calibrated and set up to sample O2 and CO2 continuously from the chamber. 

Gas sampling data was collected with a Power Lab (PL3508 Powerlab, ADInstruments, 

Colorado Springs, CO), collected by a computer, and saved to a Lab Chart (LabChart 

V7, ADInstruments, Colorado Springs, CO) file. Temperature and humidity in the room 

were noted during calibration and were later used to calculate water vapour pressure to 

correct metabolic cart data. 

Because the metabolic cart calculations data during exercise assumed subjects 

breathed normoxic air, the data was later corrected. Fifteen-second mean FICO2 and FIO2 

data from the hypoxia chamber was calculated to match with 15-second data intervals 

calculated by the metabolic cart. The metabolic cart calculates data based on dry air. 

Therefore, it was necessary to calculate (and remove) water vapour from our measured 

FIO2. 

Water vapour pressure during the test was calculated using a water vapour vs. 

temperature chart and the following calculations: 
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1. Water vapour pressure (PH2O in mmHg) was calculated by multiplying the 
pressure of aqueous vapour over water with humidity measured in the laboratory, 
divided by 100.  
e.g., (adjusted temperature * humidity) /100 = PH2O 

2. The fraction of the barometric pressure made up of water vapour pressure was 
calculated by dividing the result of the above calculation by barometric pressure 
in the laboratory, multiplied by 100. 
e.g., (PH2O / PB ) * 100 = X% 

3. This fraction was then multiplied by the measured FIO2 in the chamber, divided 
by 100, to determine the fraction of water vapour in measured FIO2 
e.g., X * FIO2  / 100 

4. This value was then subtracted from the measured FIO2 to determine actual FIO2  
 

Once the corrected FIO2 was calculated, the data provided by the cart needed to be 

adjusted. The following calculations were used to determine final metabolic data: 

 
Fraction of inspired nitrogen (FIN2): = 1 - FIO2 / 100 - 0.0005 
 
Fraction of expired nitrogen (FEN2): = 1 - FEO2 / 100 - FECO2 / 100 
 
Ratio of inspired to expired nitrogen (FIN2/FEN2): = FIN2 / FEN2 
 
Inspired volume (VI): = VE * FEN2 / FIN2 
 

O2 (L·min-1): = (VI * FIO2 – VE * FEO2) / 100 
 

O2 STPD: = calculated O2 / BTPS to STPD conversion value (provided by cart) 
 

O2 (ml·kg-1·min-1): = O2 STPD * 1000 / subject mass in kg 
 

CO2: = (VE * FECO2 – VI * FICO2) / 100 
 

CO2 STPD: = CO2 / BTPS to STPD conversion value (provided by cart) 
 
RER: = CO2 STPD/ O2 STPD 
 
	  
Note that in the above equations, fractions were entered as percentages, hence the 
frequent division by 100. 
 
 
 
 
 

V

V V

V V

V

V V

V V
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Appendix D 

	  
Food	  and	  Training	  Log	  

	  
Today’s	  Date:	  (Day	  of	  testing)	  
Food	  Consumption	  (please	  report	  the	  time	  of	  consumption	  as	  well):	  
Morning	  (Breakfast/Snacks):	  
	  
	  
	  
	  
Noon	  (Lunch/Snacks)	  
	  
	  
	  
	  
	  
Evening/Night	  (Dinner/Snacks)	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Caffeine:	  YES/NO	  	  	  If	  yes,	  when:	  
Physical	  Activity:	  (activity,	  duration	  and	  intensity)	  
	  
	  
	  
	  
	  
	  
	  
Hours	  of	  Sleep:	  
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One	  day	  prior	  to	  testing:	  
Food	  Consumption	  (please	  report	  the	  time	  of	  consumption	  as	  well):	  
Morning	  (Breakfast/Snacks):	  
	  
	  
	  
	  
	  
	  
Noon	  (Lunch/Snacks)	  
	  
	  
	  
	  
	  
	  
Evening/Night	  (Dinner/Snacks)	  
	  
	  
	  
	  
	  
	  
	  
	  
Physical	  Activity:	  (type,	  duration	  and	  intensity)	  
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No changes permitted. You are encouraged to photocopy the PAR-Q but only if you use the entire form.

1. Has your doctor ever said that you have a heart condition and that you should only do physical activity 
recommended by a doctor?

2. Do you feel pain in your chest when you do physical activity?

3. In the past month, have you had chest pain when you were not doing physical activity?

4. Do you lose your balance because of dizziness or do you ever lose consciousness?

5. Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a 
change in your physical activity?

6. Is your doctor currently prescribing drugs (for example, water pills) for your blood pressure or heart con-
dition? 

7. Do you know of any other reason why you should not do physical activity?

PLEASE NOTE:  If  your health changes so that you then answer YES to 
any of  the above questions, tell your fitness or health professional.   

Ask whether you should change your physical activity plan.

Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day.  Being more active is very safe for most 
people. However, some people should check with their doctor before they start becoming much more physically active.

If  you are planning to become much more physically active than you are now, start by answering the seven questions in the box below.  If  you are between the 
ages of  15 and 69, the PAR-Q will tell you if  you should check with your doctor before you start.  If  you are over 69 years of  age, and you are not used to being 
very active, check with your doctor.

Common sense is your best guide when you answer these questions.  Please read the questions carefully and answer each one honestly:  check YES or NO.

Talk with your doctor by phone or in person BEFORE you start becoming much more physically active or BEFORE you have a fitness appraisal.  Tell 
your doctor about the PAR-Q and which questions you answered YES.

�� <RX�PD\�EH�DEOH�WR�GR�DQ\�DFWLYLW\�\RX�ZDQW�³�DV�ORQJ�DV�\RX�VWDUW�VORZO\�DQG�EXLOG�XS�JUDGXDOO\���2U��\RX�PD\�QHHG�WR�UHVWULFW�\RXU�DFWLYLWLHV�WR�
those which are safe for you. Talk with your doctor about the kinds of  activities you wish to participate in and follow his/her advice.

�� )LQG�RXW�ZKLFK�FRPPXQLW\�SURJUDPV�DUH�VDIH�DQG�KHOSIXO�IRU�\RX�

PAR-Q & YOU

�£

Physical Activity Readiness
Questionnaire - PAR-Q  
(revised 2002)

DELAY BECOMING MUCH MORE ACTIVE:
�� LI �\RX�DUH�QRW�IHHOLQJ�ZHOO�EHFDXVH�RI �D�WHPSRUDU\�LOOQHVV�VXFK�DV�

a cold or a fever – wait until you feel better; or
�� LI �\RX�DUH�RU�PD\�EH�SUHJQDQW�²�WDON�WR�\RXU�GRFWRU�EHIRUH�\RX�

start becoming more active.

If  

you  

answered 

If  you answered NO honestly to all PAR-Q questions, you can be reasonably sure that you can:
�� VWDUW�EHFRPLQJ�PXFK�PRUH�SK\VLFDOO\�DFWLYH�²�EHJLQ�VORZO\�DQG�EXLOG�XS�JUDGXDOO\���7KLV�LV�WKH�

safest and easiest way to go.

�� WDNH�SDUW�LQ�D�ILWQHVV�DSSUDLVDO�²�WKLV�LV�DQ�H[FHOOHQW�ZD\�WR�GHWHUPLQH�\RXU�EDVLF�ILWQHVV�VR�
that you can plan the best way for you to live actively. It is also highly recommended that you 
have your blood pressure evaluated.  If  your reading is over 144/94, talk with your doctor 
before you start becoming much more physically active.

NOTE:  If  the PAR-Q is being given to a person before he or she participates in a physical activity program or a fitness appraisal, this section may be used for legal or administrative purposes.

"I have read, understood and completed this questionnaire.  Any questions I had were answered to my full satisfaction."

NAME ________________________________________________________________________  

SIGNATURE _______________________________________________________________________________  DATE ______________________________________________________

SIGNATURE OF PARENT  _______________________________________________________________________  WITNESS ___________________________________________________
or GUARDIAN (for participants under the age of  majority)

Informed Use of  the PAR-Q:  The Canadian Society for Exercise Physiology, Health Canada, and their agents assume no liability for persons who undertake physical activity, and if  in doubt after completing 
this questionnaire, consult your doctor prior to physical activity.

(A Questionnaire for People Aged 15 to 69)

 YES NO

YES to one or more questions

NO to all questions

Note:  This physical activity clearance is valid for a maximum of 12 months from the date it is completed and  
becomes invalid if your condition changes so that you would answer YES to any of the seven questions.

© Canadian Society for Exercise Physiology  www.csep.ca/forms
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Physical	  Activity	  History	  

1.	  Type	  of	  physical	  activity	  (please	  list	  all	  sports/exercises	  you	  participate	  on	  a	  regular	  basis)	  

Type	  of	  sport	   Volume	  (a).	  how	  many	  minutes/session	  and	  (b)	  

how	  many	  times/week?)	  

	   a)	  

b).	  

	   a)	  

b).	  

	   a).	  

b).	  

	   a).	  

b).	  

	   a).	  

b).	  

	  

2.	  How	  long	  have	  you	  been	  a	  competitive	  cyclist/triathlete?	  _____________________________	  

3.	  Volume	  of	  cycling	  per	  week:	  	  __________hours/week	  

	  	   	   	   	  	  	  	  __________km/week	  (solely	  for	  cycling)	  

4.	  Are	  you	  in-‐season	  or	  off-‐season	  currently?	  	  IN-‐SEASON/	  OFF-‐SEASON	  

5.	  Highest	  level	  of	  competition:____________________________________________________	  

6.	  	  VO2max	  (if	  known):	  __________;	  Date:_________;	  Modality	  (bike,	  treadmill)___________	  

7.	  Last	  cycling	  race:	  _____________;	  Distance:____________;	  Date:______________________	  

8.	  Cycling	  category	  (if	  applicable,	  please	  list	  how	  many	  years	  you’ve	  competed	  in	  each	  category)	  

______________________________________________________________________________	  
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Appendix E 

 

 
Fig 8: Heart rate (HR) during steady state cycling at 50% maximum power output in hypoxia and 
normoxia when supplemented with placebo (PL) or beetroot juice (BR). Normoxic and hypoxic trials 
were significantly different (P < 0.001). Error bars represent standard deviation.  
 
 
 

 
 
Fig 9: Pulse oxygen saturation (SpO2) during steady state cycling at 50% maximum power output in 
hypoxia and normoxia when supplemented with placebo (PL) or beetroot juice (BR). Normoxic and 
hypoxic steady state were significantly different (P < 0.001). Error bars represent standard deviation. 
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Fig 10: Pulmonary ventilation (VE) during steady state cycling at 50% of maximum power output in 
hypoxia and normoxia when supplemented with placebo (PL) or beetroot juice (BR). Hypoxic and 
normoxic steady state were significantly different (P < 0.001). Error bars represent standard deviation.  
 
 
 

 
Fig 11: Individual subject economy (mL O2·min-1·W-1) data during steady state cycling at 50% of 
maximum power output in normoxia when supplemented with placebo (PL) or beetroot juice (BR).  
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Fig 12: Individual subject economy (mL O2·min-1·W-1) data during steady state cycling at 50% of 
maximum power output in hypoxia when supplemented with placebo (PL) or beetroot juice (BR).  
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Appendix F 

 

 
Fig 13: Time (s) to complete a 10-km time trial in normoxia and hypoxia when supplemented with either 
placebo (PL) or beetroot juice (BR). Hypoxic and normoxic trials were significantly different (P < 0.001). 
Error bars represent standard deviation.  
 
 

 
Fig 14: Individual subject data for the 10-km time trial (s) in normoxia when supplemented with either 
placebo (PL) or beetroot juice (BR).  
 

10
-k

m
 ti

m
e 

(s
)

Normoxia Hypoxia
0

500

1000

1500
PL
BR

P<0.001

10
-k

m
 ti

m
e 

(s
)

PL BR
800

900

1000

1100

1200



	   72	  

 
Fig 15: Individual subject data for the 10-km time trial (s) in hypoxia when supplemented with either 
placebo (PL) or beetroot juice (BR). 
 
 

 
Fig 16: Individual subject data for mean power output (W·kg-1) during the 10-km time trial in normoxia 
when supplemented with either placebo (PL) or beetroot juice (BR). 
 

10
-k

m
 ti

m
e 

(s
)

PL BR
800

900

1000

1100

1200

M
ea

n 
po

w
er

 ( W
• k
g-
1 )

PL BR
2.5

3.0

3.5

4.0

4.5

5.0



	   73	  

 
Fig 17: Individual subject data for mean power output (W·kg-1) during the 10-km time trial in hypoxia 
when supplemented with either placebo (PL) or beetroot (BR). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

M
ea

n 
po

w
er

 ( W
• k
g-
1 )

PL BR
2.5

3.0

3.5

4.0


