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Introduction: This study investigated the effects of a beet nitric oxide enhancing (NOE) supplement comprised of 
nitrite and nitrate on cycling performance indices in trained cyclists. Methods: Subjects completed a lactate 
threshold test and a high-intensity interval (HIIT) protocol at 50% above functional threshold power with or 
without oral NOE supplement. Results: NOE supplementation enhanced lactate threshold by 7.2% (Placebo =
191.6 ± 37.3 W, NOE = 205.3 ± 39.9; p = 0.01; Effect Size (ES) = 0.40). During the HIIT protocol, NOE 
supplementation improved time to exhaustion 18% (Placebo = 1251 ± 562s, NOE = 1474 ± 504s; p = 0.02; ES 
= 0.42) and total energy expended 22.3% (Placebo = 251 ± 48.6 kJ, NOE = 306.6 ± 55.2 kJ; p = 0.01; ES =
1.079). NOE supplementation increased the intervals completed (Placebo = 7.00 ± 2.5, NOE = 8.14 ± 2.4; p =
0.03; ES = 0.42) and distance cycled (Placebo = 10.9 ± 4.0 km, NOE = 13.5 ± 3.9 km; p = 0.01; ES = 0.65). 
Also, target power was achieved at a higher cadence during the HIIT work and rest periods (p = 0.02), which 
enhanced muscle oxygen saturation (SmO2) recovery. Time-to-fatigue was negatively correlated with the degree 
of SmO2, desaturation during the HIIT work interval segment (r = − 0.67; p 0.008), while both SmO2 desatu-
ration and the SmO2 starting work segment saturation level correlated with a cyclist’s kJ expended (SmO2 
desaturation: r = − 0.51, p = 0.06; SmO2 starting saturation: r = 0.59, p = 0.03). Conclusion: NOE supple-
mentation containing beet nitrite and nitrate enhanced submaximal (lactate threshold) and HIIT maximal effort 
work. The NOE supplementation resulted in a cyclist riding at higher cadence rates with lower absolute torque 
values at the same power during both the work and rest periods, which in-turn delayed over-all fatigue and 
improved total work output.   

1. Introduction 

Over the last decade, studies have shown that oral beet nitrate sup-
plementation improves performance between 2 and 16% across various 
exercise modalities (Cermak et al., 2012; Lansley et al., 2011; Murphy 
et al., 2012). Oral beet nitrate supplementation elevates plasma nitrate 
[NO3

− ] and nitrite [NO2
− ] consequently enhancing nitric oxide (NO) 

production using an O2
− independent stepwise reduction of inorganic 

NO3
− to NO2

− and then to NO (Lundberg et al., 2008; Wylie et al., 2013). 
Previous health and sports performance research show oral nitrate 
supplementation enhances skeletal muscle blood flow, lowers blood 

pressure, improves vascular conductance, increases metabolic effi-
ciency, and improves oxygen diffusive conductance in exercising mus-
cles (Breese et al., 2013; Ferguson et al., 2013; Larsen et al., 2006; Larsen 
et al., 2011; Larsen et al., 2010). In turn, nitrate supplementation ap-
pears to improve exercise performance and metabolic efficiency across 
various exercise durations, intensities, and populations (Aucouturier 
et al., 2015; Bailey et al., 2015; Bailey et al., 2009; Coggan and Peterson, 
2016; Lansley et al., 2011; Lee et al., 2015; Rimer et al., 2016; Shannon 
et al., 2017; C. Thompson et al., 2017; Wylie et al., 2016). 

While many studies show nitrate supplementation improves exercise 
performance and metabolic efficiency, meta-analysis research also 
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suggests that non-elite athletes are most likely to experience positive 
physiological and performance benefits (Braakhuis and Hopkins, 2015). 
In addition, most studies focus on a specific performance target (i.e., 
time trial performance, high intensity interval work, etc.) in a specific 
population (i.e., young highly trained, young active, elite athlete, etc.) 
versus studying a given group of athletes across a majority of that sport’s 
metabolic demands required for success. For example, road cycling re-
quires an athlete to maintain excellent conditioning levels both aero-
bically and anaerobically (Allen et al., 2019). Cyclists are required to 
maintain high levels of sustainable power while also being able to 
generate peak force and power very quickly for short periods of time 
followed by various durations of steady-state recovery work for success. 
Previous research shows the primary determinants of endurance cycling 
performance include peak oxygen uptake, peak power output, gross 
efficiency, and numerous lactate markers representing distinct changes 
in aerobic metabolism (Coyle et al., 1988). Interestingly, as stated 
above, nitrate supplementation enhances many of these cycling related 

performance areas. However, there have been no studies on the effect of 
a nitric oxide enhancing (NOE) supplement comprised of both inorganic 
nitrite and nitrate on physical performance. Thus, this study investi-
gated what effects an oral beet NOE supplement comprised of nitrite and 
nitrate had on lactate threshold, cycling performance metrics during 
submaximal workloads, and anaerobic high-intensity interval work 
(HIIT) in a group of trained cyclists and triathletes. 

2. Methods 

2.1. Design 

This study used a randomized, double-blind, crossover study design 
(Fig. 1). All procedures were approved by the Institutional Review Board 
at Northern Illinois University, Dekalb, IL. Prior to subject testing, each 
volunteer met a research coordinator for a detailed explanation of the 
study. The research coordinator explained the study design, the risks 

Fig. 1. Study design & high intensity interval protocol.  
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associated with the study, as well as the benefits for participating. 

2.2. Subjects 

Ten men between the ages of 18 and 55 years old volunteered from 
local cycling and triathlon race clubs. All subjects were normotensive 
with no history of cardiovascular disease. To be eligible for the study, 
the following criteria were required: 1) cycling and race experience ≥
two years; and 2) needed to be at the 60th percentile for aerobic fitness 
based on the ACSM guideline standards (ACSM, 2018). Ten subjects 
qualified to participate. Eight subjects completed all aspects of the study. 
Study exclusion criteria included erectile dysfunction medications, 
self-reported allergies to beets, and individuals with a history of kidney 
stones. 

2.3. Baseline testing 

Baseline testing included a body composition assessment, an 
assessment of maximal aerobic capacity (VO2 max), and a functional 
threshold power (FTP) assessment. Body composition was measured 
using InBody’s 570 multi-frequency bioelectrical impedance (BIA) sys-
tem (InBody, Cerritos, CA). Each subject was instructed to abstain from 
solid food 6 h prior to testing. Subjects were instructed to drink 12–16 oz 
of water 2 h before testing to assure proper hydration status as recom-
mended. If testing took place in the morning, subjects did not strenu-
ously exercise the evening prior. If testing took place in the afternoon or 
evening, subjects did not strenuously exercise the day of testing. Finally, 
prior to each person’s BIA test, subjects were asked to void and urinate if 
needed. Previous research has shown the In-Body BIA system to be both 
reliable and valid when compared to hydrostatic weight and DEXA 
measurements (Demura et al., 2004). 

VO2 max was determined using a standardized linear ramp protocol 
with 1-min stages. For stage one, the starting workload was 75 W. Each 
subsequent stage, the workload increased 25 W until a subject reached 
volitional fatigue. VO2 max was defined as a plateau in oxygen uptake 
(≤1–2 ml/kg) with increasing workloads, RER ≥ 1.1, and a maximal 
heart rate ± five bpm of each subject’s age predicted max heart rate 
(Tanaka et al., 2001). Maximal work output was measured in watts using 
a weighted mean that included the last stage a cyclist completed and the 
fraction of the next stage just prior to the final end point (e.g., Stage 
10–300 W at 60s and Stage 11–325 W at 20s = 306 W at VO2 max). For 
the VO2 max test, each subject placed his bike on a Cyclus2 ergometer 
system, which uses a direct drive resistance set-up. Previous research 
comparing this ergometer system with SRM and Lode cycle ergometers 
showed the Cyclus2 system was a valid cycle ergometer (Reiser et al., 
2000; Rodger, Plews, P., & Driller, 2017). The system’s calibration curve 
verification from 100 W to 900 W equaled 0.5% across all measurements 
(Range: 0%–1%). The Cyclus2 system has been used in previous oral 
nitrate cycling studies (Masschelein et al., 2012). To assure accurate 
cycling performance data, each subject’s personal demographics (age, 
gender, height (m), weight (kg)) and each cyclist’s bike set-up (crank 
length (mm), front chain ring configuration, rear-cluster gearing 
(11-speed: 11/28 tooth configuration), and the bike weight (kg)) were 
entered and stored into the Cyclus2 system. This information was then 
used to determine key performance data: power (watts), force (N), gear 
ratio (m/pedal stroke), cadence (rpm), speed (kph), and distance (km). 
Oxygen uptake was measured using a breath-by-breath metabolic cart 
system (COSMED, Chicago, IL). Prior to each trial and after the meta-
bolic cart was on for a minimum of 30 min; volume, oxygen, and carbon 
dioxide gas calibrations were performed as recommended by the 
manufacturer. Each pretest calibration was cross checked prior to 
starting a given test trial against the system’s previous calibration logs to 
assure consistent pre-testing baseline calibrations. 

Finally, FTP testing is a standard performance assessment technique 
currently used worldwide in cyclist and triathletes. FTP is defined as the 
highest normative watts a cyclist can maintain without fatiguing for 1-h 

(Allen and Coggan, 2010). In 2010, Allen and Coggan developed the FTP 
testing protocol that is now used by non-professional and professional 
cyclists who use power meters in their training program (Allen and 
Coggan, 2010). Previous research by Miller et al. (Miller et al., 2014) 
showed FTP expressed in W/kg was a valid predictor of cycling per-
formance. In the current study, after a 30-min standardized warm-up, 
each cyclist was asked to maintain the highest possible watts while 
cycling for 20 min over a 0% grade racecourse. As previously defined by 
Allen and Coggan (Allen and Coggan, 2010), ninety-five percent of each 
cyclist’s 20-min power average was recorded as the cyclist’s FTP. Each 
cyclist’s FTP was then used to calculate that cyclist’s specific 
high-intensity interval work (HIIT) and recovery interval watts (See the 
HIIT protocol section below for how the FTP test specifically was used to 
set trial workloads). Table 1 shows the subjects’ physical characteristics 
and baseline cycling performance results. The cycling and/or triathlon 
race experience of the subjects ranged from 2.5 to 27 yrs. For the eight 
subjects completing the study, four subjects competed in triathlons only, 
two subjects regularly participated in sportive events (several metric, 
full century or double century rides per year), and two cyclists were 
active category 2 bike racers. All subjects met the ACSM 60th percentile 
aerobic fitness criteria (i.e., VO2 max = 50.6 ml kg− 1 • min− 1 equals the 
90th percentile). Mean percent body fat was 21.7 ± 0.05% and ac-
cording to the ACSM guidelines, this value was at the 55th percentile. 
Max watts, watts/kg, and FTP watts/kg all were within the expected 
ranges based on age and cycling experience. 

Study Treatments - Both study treatments (Placebo and the NOE 
supplement) were provided by HumanN (Austin, Tx). Supplementation 
was counter-balanced so that treatment order for half the subjects was 
placebo/NOE supplement and the other half NOE supplement/placebo. 
The placebo was similar in nutrient content to the NOE supplement 
while also containing natural beet flavoring (containing sodium, po-
tassium, carbohydrate, protein and magnesium), unsweetened caffeine 
free Kool-aid with vitamin C (60 mg), sodium (20 mg), and Sweet & Low 
but void of the NOE supplement. The study trial supplement was 
HumanN’s BeetElite concentrated beet crystals. BeetElite contained beet 
nitrate (125 mg) and nitrite (20 mg), sodium (130 mg), potassium (320 
mg), carbohydrate (8 g), protein (1 g), magnesium (20 mg), and vitamin 
C (100 mg). It should be noted that approximately 75% of nitrate 
consumed is immediately removed by the kidney. Of the 25% that re-
mains, approximately 20% is converted to nitrite by commensal bacteria 
resulting in only 5% of the nitrate consumed converted to nitrite (Bryan 
and Ivy, 2015; Lundberg and Govoni, 2004). Therefore, the 20 mg of 
nitrite in BeetElite is equivalent to approximately 400 mg of nitrate. 

Subjects were asked to limit their intake of high concentrated nitrate 
containing foods (e.g., arugula, beet juice, beets, rhubarb, butter leaf 
lettuce etc.) two days prior to starting a given study treatment period (i. 
e., the start of pre-treatment week supplementation day 1 as shown in 
Fig. 1). For each treatment condition, subjects began taking that week’s 

Table 1 
Subject physical and performance characteristics.  

Characteristic Mean ± SD Minimum Maximum 

Age 41.4 ± 9.1 29.0 54 
Body Weight (kg) 83.3 ± 9.6 70.8 102.2 
% Body Fat 21.7 ± 0.05 11.0 28.0 
Lean Body Mass (kg) 65.2 ± 6.2 52.3 75.0 
Fat Mass (kg) 18.1 ± 5.8 8.5 27.2 
VO2 max (mls•kg¡1•min¡1) 50.6 ± 6.3 42.9 61.7 
VO2 max (liters • min¡1) 4.20 ± 0.58 3.31 4.87 
Max Heart Rate 181.6 ± 10.4 168.0 202.0 
Max Watts 342.9 ± 60.6 245.0 400.0 
Max Watts/kg 4.11 ± 0.60 3.30 5.16 
FTP† 245.4 ± 43.6 165.0 299.0 
FTP in Watts/kg 2.95 ± 0.49 2.33 3.86 

†- FTP is defined as the maximum normalized watts a cyclist can sustain without 
fatiguing for 1-h, Hunter Allen and Andy Coggan, 2010 (Velopress, Boulder, 
CO). 
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respective treatment two days prior to the first lab test day (e.g., for a 
first lab test day Monday start, supplementation began the Saturday 
morning prior). Supplementation continued each morning throughout a 
given treatment week. Thus, for the lactate threshold test, subjects were 
taking a given treatment for 3 consecutive days and for the HIIT trials, a 
total of seven consecutive days. Subjects were instructed not to use 
antibacterial toothpaste or mouthwash prior to consuming a given 
treatment supplement throughout the study. In the lab, matching the 
loading supplement treatment, either 10 g of placebo or BeetElite were 
mixed with 4 oz of water and given to each subject immediately after 
taking baseline data, which was 45 min prior to starting each subject’s 
trial. During the remaining test weekdays, subjects continued to take a 
given treatment each morning as instructed. 

Experimental Trial Controls - All subjects were tested under the exact 
same test conditions across each treatment (23–24 ◦C and 20–30% 
relative humidity), on the same test days within a given treatment week 
and the same test time ± 30 min. Prior to starting the data collection 
period on each test day, researchers maintained the same pre-testing set- 
up process and preparation timeframe (See Fig. 1). After resting baseline 
data were collected and the subject was given the respective treatment 
for that day’s trial, the subject completed a standardized warm-up. The 
warm-up protocol was as follows: From 0 to 20 min, the cyclist pedaled 
at his usual cadence while the Cyclus2 system automatically adjusted 
the cyclist’s workload using a linear ramp protocol starting at 75 W and 
ending at 50% of the cyclist’s VO2 max watts (e.g., VO2 max watts = 350 
W; peak warm-up watts = 175 W). Between 20 and 25 min, the cyclist 
continued cycling at 50% of his VO2 max watts but was asked at the start 
of each minute (20th, 21st etc.) to increase his pedaling cadence 10–15 
rpms above his normal cadence for 10-secs. The Cyclus2 system 
continually measures cadence and automatically lowered the cyclist’s 
torque so the target watts remained constant at 50% of VO2 max. Be-
tween minutes 25–30, the cyclist continued riding at his usual cadence 
while the workload decreased linearly from 50% to 30% of VO2 max 
watts. All subjects started a given test trial within 10–15 min of 
completing the warm-up period. 

Lactate Threshold Testing – Testing consisted of five submaximal 
stages set at 40%, 50%, 60%, 70%, and 80% of each subject’s VO2 max 
based watts. Relative to VO2 max, 40% of max watts at stage one pro-
duced a mean VO2 for all subjects of 52.4 ± 4.1% while the 80% of max 
watts resulted in a VO2 equal to 88.3 ± 4.9% of VO2 max. Each stage was 
5 min long. Blood lactate was taken in duplicate from whole blood the 
last 15-secs of each stage using a Lactate Plus meter (Nova Biomedical, 
MA). Prior to each trial, the lactate meter’s accuracy was verified and 
calibrated using two quality control solutions (Level 1: 1.0–1.6 mM; 
Level 2: 4.0–5.4 mM). When duplicate lactate measures for a given time- 
point were greater than 0.5 mmol, a third measurement was taken and 
the mean of the two closest values were averaged. Tanner et al. (Tanner 
et al., 2010) showed the Lactate Plus portable meter to be an accurate 
and reliable device compared to a laboratory standard system (Radi-
ometer ABL 700, Copenhagen, Denmark). Lactate threshold was defined 
as the break-point watts just prior to a greater than 1 mmol increase in 
blood lactate accumulation above baseline (Smith, Skelton, D.E., Pascoe 
and Gladden, 1997). All tests were evaluated by the same researcher, 
who was blinded as to the subject and treatment the subject was on. 

HIIT Trial Test Day – The HIIT test consisted of each person 
attempting to perform as many interval segments as possible. Fig. 1 
shows a sample HIIT interval workout for a subject with a 200-W FTP. 
Each HIIT interval workload was set at a wattage 1.5 times greater than 
each person’s baseline FTP, e.g., FTP = 200 W would equal a HIIT work 
interval of 300 W. Workloads were set using an ERGO mode setting, 
which kept each rider at the target watts even if the rider’s cadence 
changed during the HIIT workout. Using an ERGO mode setting allowed 
us to record and observe initial evidence of leg fatigue (i.e., reductions in 
cadence for a given work interval) before complete fatigue occurred. 
Each HIIT segment lasted 75-secs and was followed by a 2-min recovery 
at 50% of FTP (100 W in the above example). During the trial, the 

following cycling data were recorded; power, force, cadence, speed, and 
distance completed. Additional physiological and performance data 
recorded included: lactate, muscle oxygen saturation (SmO2), total he-
moglobin (THb), regional oxygenated hemoglobin (OxyHb) and deox-
ygenated hemoglobin (DeOxyHb) content, heart rate, rating of 
perceived exertion (RPE), total number of HIITs completed, time to fa-
tigue (sec), total kJ expended, SmO2% desaturation drop per each 
completed HIIT interval, and starting SmO2% for each HIIT interval. 

SmO2 Measurements – SmO2 was determined using the Moxy 
monitor (US Patent No. 8,941,830 B2), a portable wireless ANT+ near- 
infrared device developed by Fortiori Design LLC (Hutchinson, MN). 
The Moxy monitor contains four light emitting diodes that sequentially 
sends light waves (630–830 nm) into the tissues just below the emitters. 
The Moxy monitor uses Beer-Lambert law principles to collect and 
process the amount of returning scattered light with two detectors 
placed at 12.5 and 25 mm from the light source. Moxy monitors have 
been shown to be both reliable and valid using a 0%–100% scaling 
model using arterial occlusion (Feldmann et al., 2019). Moxy monitors 
also have shown acceptable tissue oxygen saturation indexes (TSI) 
during supine rest and demonstrated similar trends during dynamic 
exercise (McManus et al., 2018). The Moxy monitor uses a mathematical 
proprietary calibration model based on how light propagates through 
tissues to allow consistent measurements during physical activities like 
cycling. Crum et al. (Crum, O’Connor, Van Loo, Valckx and Stannard, 
2017) showed that Moxy monitors are a valid SmO2 measurement de-
vice during cycling when compared to other physiological parameters 
(heart rate and oxygen uptake). Based on previous pilot data showing 
consistent SmO2 measurements across all trial aspects of the current 
study, the Moxy monitor was placed directly over the vastus intermedius 
on the right leg. The Moxy monitor and its external light wave shielding 
device was secured using a Moxy supplied adhesive pad and medical 
tape to prevent unwanted sensor movements while maintaining external 
sensor pressures below 20 mmHg and minimize TSI pressure related 
artifacts. Once secure, the device’s position (mm) relative to the top of 
the patella at the lateral mid-point was recorded. The Moxy monitor 
positioning remained consistent for all trials. After the warm-up period 
was completed, SmO2 and THb were recorded, and cross checked to 
assure similar pre-trial starting values. 

2.4. Statistics 

All statistical analyses were run using JMP statistical software 
(Version 13, SAS). Based on doubly blinded pilot data, a pre-study power 
analysis using 10 subjects with a p-value = 0.05 produced a power 
analysis value = 0.82 for kJs of HIIT work/hr. For the lactate threshold 
trials, a matched paired t-test was used. A matched paired t-test was also 
used for the over-all HIIT trial summary data (i.e., total secs completed 
under the placebo versus beet supplementation conditions), HIIT trial 
total work data, and HIIT trial total recovery data. When a significant 
difference was observed, Cohen’s d effect size (ES) procedures were used 
to determine the magnitude. Cohen’s d measures the difference between 
two means divided by the pooled standard deviation of each mean. Ef-
fect size descriptors used were as follows: very small = 0.01; small =
0.20; medium = 0.50; large = 0.80; very large = 1.20; and huge = 2.0 
(Cohen, 1992; Sawilowsky, 2009). Additionally, a repeated-measures 
ANOVA was used to analyze the SmO2, OxyHb, and DeOxyHb mea-
surements looking at those intervals subjects completed across all time 
points. (Treatment = 2 X HIIT Measurement Time Points = 6 (@ 0s of 
Work Interval, @ 65s of Work Interval, @ 10s Rest Interval, @ 60s Rest 
Interval, @ 90s Rest Interval, @ 120s Rest Interval). When a significant 
difference was found, orthogonal paired contrasting was used to identify 
where the difference was located. Finally, for the HIIT performance 
data, a correlation matrix and stepwise multiple regression analyses 
were used to determine which cycling performance and physiological 
variables accounted for the observed results across both treatments. 
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3. Results 

3.1. Lactate Threshold Testing 

Fig. 2 shows that lactate threshold significantly increased by 7.2% 
from 191.6 ± 37.3 W during the placebo trial to 205.3 ± 39.9 W while 
on NOE supplementation (p = 0.02, ES = 0.40). Using FTP based 
training zone principles outlined by Allen et al. (2019), a cyclist’s tempo 
training zone ranges between 76% and 90% of a cyclist’s FTP sustain-
able power. Tempo is considered the watts most age group triathletes 
and cyclists sustain for a half-Ironman event or a cyclist maintains sitting 
in a fast road race peloton (Friel, 2012). Thus, under placebo conditions, 
lactate threshold watts were 78.4% of FTP compared to the NOE sup-
plementation trials, which increased to 83.7% of each cyclist’s FTP. 

3.2. HIIT results 

The HIIT analyses showed that NOE supplementation significantly 
improved time to exhaustion (Placebo: 1251 ± 562 s, NOE: 1,4767 ±
504 s; p = 0.02; ES = 0.423) and total energy expended (Placebo: 251.3 
± 48.6 kJ, NOE: 306.6 ± 55.2 kJ; p = 0.01; ES = 1.079) compared to 
placebo conditions (See Fig. 3). Subjects during the NOE trials 
completed more intervals (NOE = 8.14 ± 2.4, Placebo = 7.00 ± 2.5, p =
0.03, ES = 0.42) and cycled 23.9% further (NOE = 13.5 ± 3.9 km, 
Placebo = 10.9 ± 4.0 km, p = 0.01, ES = 0.65). 

When the mean SmO2 desaturation drop was averaged for each HIIT 
work interval, the SmO2 desaturation drop was 17.9% less during the 
NOE trials compared to placebo but did not reach significance (p = 0.07, 
ES = 0.385). However, time to fatigue was negatively correlated with 
the degree of SmO2 desaturation that occurred per work interval (R- 
value = − 0.67; p = 0.008) while both SmO2 desaturation and the SmO2 
starting work segment saturation level were correlated with a cyclist’s 
total kJ expended (SmO2 desaturation: r-value = − 0.51, p = 0.06; SmO2 
starting saturation: r-value = 0.59, p = 0.03). Additionally, stepwise 
regression showed the best predictors for the total HIIT time in seconds 
were power at 4 mmol lactate (p = 0.0001), power at lactate threshold 
(p = 0.0001), degree of SmO2 HIIT desaturation (p = 0.0078), and 
starting interval SmO2 saturation (p = 0.03). This stepwise regression 

model produced a r2 value = 0.965 ± 49.2s (3.6% of HIIT trial time 
mean in seconds). For the total HIIT kJs expended, the main factors 
entering into the stepwise regression model were power at 4 mmol 
lactate (p = 0.004), starting interval SmO2 saturation (p = 0.01), and 
power at lactate threshold (p = 0.02). This model produced an r2 value 
= 0.759 ± 29.6 kJ (10.6% of HIIT kJ expended). 

Additionally, pedal force, cadence, speed, SmO2, OxyHb, and 
DeOxyHb were analyzed for the HIIT work and recovery interval sec-
tions separately. These data indicate that NOE supplementation signif-
icantly improved several cycling and SmO2 related metrics. Table 2 
shows that during the HIIT work interval, force was not significantly 
different between the treatments, but cadence and speed were signifi-
cantly higher during the NOE trials by 2.0% and 2.5%, respectively 
(Cadence: p = 0.02; ES = 0.20; Speed; p = 0.02; ES = 0.20). Corre-
spondingly, SmO2 and OxyHb were significantly greater during the NOE 
trial compared to placebo (SmO2 6.5%, p = 0.001, ES = 0.16; OxyHb =
8.2%, p = 0.001, ES = 0.20). Accordingly, DeOxyHb was significantly 
lower during the NOE trial by 8.7% (p = 0.001, ES = 0.13). During the 
recovery periods, comparing the NOE trial to placebo, force was 
significantly lower (Placebo: 68.2 ± 15.6 N, NOE: 65.5 ± 13.7 N, p =
0.01, ES = 0.23), cadence was significantly higher (Placebo: 91.8 ± 10.9 
rpm, NOE: 93.9 ± 7.4 rpm, p = 0.01, ES = 0.23), and speed was 
significantly greater (Placebo: 30.7 ± 3.3 kph, NOE: 31.4 ± 1.9 kph, p =
0.02, ES = 0.27). Similar to the work interval results, NOE supplemen-
tation enhanced SmO2 saturation levels by 4.1% (Placebo: 67.2 ±
18.6%; NOE: 70.4 ± 18.6%; p = 0.001, ES = 0.15), maintained OxyHb 
better by 2.5% (Placebo: 7.9 ± 2.9 mg/dL; NOE: 8.1 ± 2.3 mg/dL; p =
0.01, ES = 0.10), and lowered DeOxyHb by 7.7% (Placebo: 3.9 ± 2.2 
mg/dL, NOE: 3.6 ± 2.3 mg/dL, p = 0.01, ES = 0.13). Finally, Fig. 4 il-
lustrates, at each time point, the mean value ± sem for all time points 
completed that were equal for all subjects (each time point represents 
the mean value for 40 measurements across all subjects - interval n = 5 X 
n = 8 subjects). A repeated measures ANOVA analysis showed that while 
SmO2 and OxyHb were higher throughout all the time segments during 
the NOE trial, only the 65-sec (p = 0.02) and 10-sec post (p = 0.04) 
interval time points were significantly greater than the placebo trial. 
Similarly, DeOxyHb was significantly lower than placebo during the 65- 
sec (p = 0.02) and 10-sec post interval (p = 0.02) time points. 

4. Discussion 

This study was designed to determine how oral beet NOE supple-
mention affected cycling performance and related variables (pedal 
force, cadence, speed, time to fatigue, SMO2% changes) during sub-
maximal (lactate threshold) and high intensity interval training. The 
study’s results showed oral beet NOE supplementation enhanced lactate 
threshold and enhanced a cyclist’s ability to sustain repeated supra- 
maximal anaerobic interval work while also improving regional 
oxygenation during and in recovery following high intensity anaerobic 
work rates. A unique feature of this study is that the NOE supplement 
relied primarily on beet nitrite rather than nitrate to generate NO. 
Consumption of 1 g of nitrite is equivalent to consuming approximately 
20 g of nitrate. A NOE supplement relying primarily on nitrite rather 
than nitrate has several advantages. First, the production of NO 
following the consumption of nitrite is 4–5 times faster than following 
the consumption of nitrate. Therefore, the supplement can be consumed 
within 30–40 min rather than 120–150 min before exercise. Second, 
consumption of nitrite eliminates the need for the conversion of nitrate 
to nitrite by commensal bacteria. There are a number of lifestyle habits, 
diets and medications that can reduce or eliminate the commensal 
bacteria required to convert nitrate to nitrite making any NOE supple-
ment that relies exclusively on nitrate non-functional under such con-
ditions (Bryan et al., 2017). 

In the current study, lactate threshold improved 7.2% suggesting an 
attenuated glycolytic demand as reported by others (Ferguson et al., 
2013; Masschelein et al., 2012). Interestingly, when we calculated the 

Fig. 2. Effect of Nitric Oxide Enhancing Supplementation on Lactate Threshold. 
Presented as mean ± sem.(NOE = nitric oxide enhancing). 
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watts that produced lactate concentrations equal to 2, 3, and 4 mmol 
using an exponential curve modeling procedure (r-value = 0.99 for all 
trial models), the watts required to generate these lactate values, as 
observed for lactate threshold, were greater during the nitrate supple-
mentation trials compared to placebo for the 2 and 3 mmol points but 
did not reach statistical significance (3.3% (p = 0.14), 1.2% (p = 0.65), 
respectively). These data support the concept that in order to generate 
the same degree of glycolytic metabolic demand observed under placebo 
conditions, additional power was required until the point in which the 
cyclists reached their upper sustainable aerobic power requirements, i. 
e., FTP or 4 mmol lactate concentration. This concept is supported by 
previous cycling related studies (Lansley et al., 2011; Lee et al., 2015). In 
the study by Lansley et al. (2011), they observed during both a 4 k and 
16 k simulation time trial races that nitrate supplementation improved 
performance by 2.4% and 2.7%, respectively. They also observed that 
power was significantly greater by 13 W during both events. In a study 
by Lee et al. (2015) evaluating time trial cycling performance (21 k), the 
results showed that the time to complete the distance improved by 2.1% 
with oral nitrate supplementation compared to placebo. Several previ-
ous studies also support this hypothesis showing nitrate supplementa-
tion delays fatigue across a variety of exercise durations and intensities 
(Aucouturier et al., 2015; Bailey et al., 2010; Bailey et al., 2009; Lansley 
et al., 2011; K. G. Thompson et al., 2014). 

The current results agree well with previous research investigating 

Fig. 3. Effects of Nitric Oxide Enhancing Supplementation and High Intensity Interval Training On Performance, Energy Expenditure and Skeletal Muscle Saturation 
Changes. Data Presented as mean ± sem.(NOE = nitric oxide enhancing). 

Table 2 
HIIT interval performance and SMO2 data.  

HIIT Interval Data†

Performance 
Marker 

Placebo 
Mean ± SD 

NOE¥ Supplement 
Mean ± SD 

Percent 
Difference 

p-value 

Pedal Force (N) 184.8 ± 36.5 185.7 ± 38.6 0% NS 
Cadence 

(rpms) 
97.5 ± 10.1 99.4 ± 8.7 2.0% p =

0.02 
Speed (kph) 32.6 ± 3.9 33.4 ± 4.0 2.5% p =

0.02 
SMO2% 61.3 ± 24.5 65.3 ± 24.1 6.5% p =

0.001 
OxyHb (mg/dL) 7.3 ± 3.0 8.2 ± 2.9 7.0% p =

0.001 
DeOxyHb (mg/ 

dL) 
4.6 ± 2.93 4.2 ± 2.91 8.7% p =

0.001  

HIIT Recovery Data†

Pedal Force (N) 68.2 ± 15.6 65.5 ± 13.7 4.0% p = 0.01 
Cadence (rpms) 91.8 ± 10.9 93.9 ± 7.4 2.0% p = 0.01 
Speed (kph) 30.7 ± 3.3 31.4 ± 1.9 2.2% p = 0.02 
SMO2% 67.6 ± 18.6 70.4 ± 18.6 4.1% p = 0.001 
OxyHb (mg/dL) 7.9 ± 2.9 8.1 ± 2.3 2.5% p = 0.001 
DeOxyHb (mg/dL) 3.9 ± 2.2 3.6 ± 2.3 7.7% p = 0.001 

† Shows only intervals that all subjects completed. ¥ NOE - Nitric Oxide 
Enhancing. 
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the benefits of nitrate supplementation on performance during high 
intensity exercise (Aucouturier et al., 2015; Bailey et al., 2009). The HIIT 
trial results showed that NOE supplementation enhanced several cycling 
performance outcomes compared to placebo conditions. During the HIIT 
work segments, while cyclists maintained the same pedal force between 
the treatment conditions (placebo = 184.8 ± 36.5 N; NOE = 185.7 ±
38.6 N, NS), cyclists showed a significant 2.0% increase in cadence and a 
2.5% increase in speed during the work intervals with NOE supple-
mentation. In a study by Husmann et al. (Husmann et al., 2019), it was 
shown that nitrate supplementation improved time-to-exhaustion 
resulting in a reduced maximum voluntary torque change during high 
intensity dynamic exercise. Additionally, for the first time, the Husmann 
et al. study (Husmann et al., 2019) showed nitrate supplementation 

blunted muscle fatigue by possibly reducing impairment in muscle 
excitation-contraction coupling. 

During the HIIT rest intervals under NOE supplementation, cyclists 
recovered at faster cadence rates and over-all speed while producing the 
required fixed recovery power (watts) at a lower force load (N) 
compared to the placebo condition (See Table 2). Consequently, 
throughout the work and recovery periods, SmO2% and OxyHb con-
centrations were maintained significantly higher while DeOxyHb con-
centrations were lower during the NOE supplementation trials 
compared to placebo. Accordingly, compared to placebo, NOE supple-
mentation significantly delayed fatigue (18.0%, p = 0.02, ES = 0.423), 
increased over-all energy expenditure (22.3%, p = 0.01, ES = 1.079), 
allowed the cyclists to finish more intervals (16.2%, p = 0.03, ES =
0.42), and cycle further (23.9%, p = 0.01, ES = 0.65) over the entire 
HIIT session. At the same time, NOE supplementation partially blunted 
the degree of SmO2% desaturation that occurred per HIIT work interval 
by 17.9% (p = 0.07) while slightly increasing each interval’s starting 
SmO2% saturation level (p = 0.19) (See Fig. 3). These results indicate 
that supplementation had a powerful effect on enhancing high intensity 
exercise performance compared to placebo. The results suggest that NOE 
supplementation had a moderate to large effect size in relation to 
enhancing high intensity interval work tolerance. 

In a study by Aucouturier et al. (2015), it was found that 3 days of 
oral nitrate supplementation improved supra-maximal intensity inter-
mittent exercise performance (15s sprints @ 170% of maximal aerobic 
power followed by 30s passive recovery) by 19.7% compared to placebo. 
In the current study, the HIIT work was fixed at 1.5 times greater than 
each cyclist’s FTP wattage or maximal aerobic sustainable power. Thus, 
compared to the study by Aucouturier et al. (2015), the HIIT work 
segment of the current study was approximately 10–20% greater than 
each cyclist’s maximal aerobic power. At the same time, the HIIT in-
terval duration was 5-times longer (75s) while the recovery period was 
4-times longer (120s) and again set at a fixed wattage (50% of FTP watts 
for each cyclist). Bailey et al. (2009) found that during severe exercise 
(70% of the difference between the measured power at the gas exchange 
threshold and VO2 peak), oral nitrate supplementation significantly 
increased time to exhaustion by 15.8% (Placebo: 583 ± 145s; Nitrate: 
675 ± 203s, p < 0.05). Interestingly, in the current study, when we 
looked at the total amount of time in seconds done for only the HIIT 
work segments and not the recovery time, NOE supplementation 
increased the total HIIT work segment duration by 16.1% (p = 0.03). 
Because the over-all time to fatigue including the rest segments was 
18.0%, the above data suggest that oral NOE supplementation had a 
complimentary recovery effect that enhanced the cyclist’s over-all HIIT 
work segment tolerance. 

In the current study, it is important to understand that both the HIIT 
work segments and recovery watt loads were fixed at a rider’s target 
power levels as described in the methods section. Therefore, as a rider’s 
cadence either increased or decreased during a trial, the Cyclus2 system 
automatically adjusted the rider’s resistive load (Pedal force) so the 
rider remained at the target watts until they reached complete fatigue. 
Previous research shows that performing a fixed watt-based workload at 
low versus high cadence rates played a role in the effectiveness oral 
nitrate supplementation had on time-to-exhaustion and phase II VO2 
kinetics (Bailey et al., 2015). For example, Bailey et al. (2015), looked at 
short-term dietary nitrate supplementation on exercise tolerance while 
performing the same relative workload at two distinct pedal cadence 
rates (Very low = 35 rpms; Very high = 115 rpms). The study design 
created a muscular work relationship where the same cycle power 
output was generated under a low force/high cadence with a potentially 
better maintenance of blood flow during exercise, and a high force/low 
cadence requiring a greater degree of muscular contractile force and 
theoretically a greater blood flow occlusion during exercise. They re-
ported that during the low cadence-high force work state, there were no 
physiological or performance differences found between oral nitrate 
supplementation and placebo. However, when their subjects completed 

Fig. 4. How Regional Skeletal Muscle Oxygenation Is Affected By Nitric Oxide 
Enhancing Supplementation. Data Presented as mean ± sem. (NOE = nitric 
oxide enhancing). 
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the same relative cycling workload at a high cadence but low muscular 
force, skeletal muscle oxygenation was higher throughout the exercise, 
phase II VO2 kinetics improved, and time to exhaustion increased 21.9% 
as a result of oral nitrate supplementation. These findings agree well 
with the results of the current study. We observed during NOE supple-
mentation, the cyclists maintained a higher cadence at the same or 
higher muscular force (HIIT work segments), which in turn allowed 
regional SmO2 muscle saturation and OxyHb concentrations to be better 
maintained throughout the entire HIIT exercise session. It is noteworthy 
to point out that as each cyclist neared his individual fatigue point (last 
sustainable HIIT work interval), the SmO2 saturation reached a value 
that was similar between both treatment conditions. In addition, all 
subjects showed regional THb concentration increases just prior (1 or 2 
intervals) to the final HIIT work segment completed. These findings 
suggest that HIIT fatigue occurred when energy demand could not be 
met coupled with a decline in muscle blood flow due to a drop in cycling 
cadence and increase in muscle force. 

In conjunction with these findings, studies by Coggan et al. (2015) 
and Rimer et al. (2016) investigated the effects of oral nitrate supple-
mentation on the knee extension force-velocity relationship and 3–4s 
peak power development over various isokinetic cadences, respectively. 
Coggan et al. (2015) found that oral nitrate supplementation signifi-
cantly increased force/torque and power during isokinetic knee exten-
sions at moderate-to-high angular velocities in healthy men and women. 
These findings reached a medium to large effect size (0.63–0.67). As a 
result, significant increases in maximal speed and power were reported. 
The results of the study by Rimer et al. (2016) indicated that oral nitrate 
supplementation significantly increased peak power at a cadence rate of 
125 rpms, which was not observed during the placebo trials. Although 
not significant, power at cadences above 125 rpms were also greater 
during the oral nitrate trial while no differences were observed under 
placebo conditions. The results of these studies, and those of Bailey 
et al., 2009, 2010, Husmann et al. (2019), and the current study indicate 
that oral NOE supplementation enhances neuro-muscular work in a way 
that meaningfully impacts exercise performance across a wide array of 
metabolic domains. 

In the current study, it was observed that the greater the SmO2 work 
interval desaturation in combination with how impaired the SmO2 re- 
saturation, the more likely fatigue would occur. The measurement of 
regional SmO2 saturation is thought to reflect how well oxygen delivery 
matches a given skeletal muscle’s metabolic oxygen uptake needs at that 
given moment in time. In the current study, because NOE supplemen-
tation enhanced the maintenance of regional skeletal muscle SmO2 
during the HIIT work and rest segments, these results suggest that NOE 
supplementation may have attenuated an imbalance in oxygen delivery 
to utilization that occurred during the repeated HIIT work intervals 
under the placebo condition. Based on previous research, reducing the 
imbalance in oxygen delivery to oxygen utilization could have been due 
to an increase in muscle blood flow as observed by Ferguson et al. (2013) 
in exercising rats, an increased mitochondrial efficiency reducing the O2 
requirement for ATP production (Rodger et al., 2017), an increase in 
energy efficiency resulting in a reduced ATP turnover for a given work 
rate (Wylie et al., 2013) or a combination of these physiological alter-
ations that have been previously observed. 

These results also suggest that NOE supplementation improved 
submaximal work performance (i.e., lactate threshold), which is a sig-
nificant performance factor in high intensity work efforts during cycling. 
Consequently, improvements in a cyclist’s lactate threshold as a result of 
beet NOE supplementation, could have enhanced the recovery processes 
between HIIT intervals helping explain why during the HIIT sessions, 
NOE supplementation improved over-all time to fatigue, total work in 
kJ, increased total HIITs completed, and increased total cycle distance 
completed during the HIIT workout. These results indicate that NOE 
supplementation when provided appropriately should improve cycling 
performance requiring mixed periods of both moderate-to-high intensity 
aerobic and anaerobic metabolic domain work demands. 

Finally, it is important to note that the NOE supplement was 
comprised of both beet nitrite and nitrate, and formulated so that the 
supplement’s NO generating potential relied primarily on the nitrite 
content rather than its nitrate content. Therefore, these results indicate 
that an NOE supplement with an appropriate concentration of inorganic 
nitrite can be an effective ergogenic aid, which can respond faster than a 
nitrate supplement and not require commensal bacteria for NO 
production. 
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