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Abstract: This systematic review and meta-analysis investigated the influence of dietary nitrate sup-
plementation on performance metrics during cycling sprint exercise according to the PRISMA
guidelines. Searches were conducted on MEDLINE, PubMed, ScienceDirect, Scopus, and
SPORTDiscus databases up to September 2023. Inclusion criteria were healthy recreationally active
men and women who consumed nitrate-rich and nitrate-deficient beetroot juice to assess perfor-
mance outcomes of mean power, peak power, time-to-peak power, and minimum power during 30-
s cycling sprints. Risk of bias was assessed using the Cochrane Risk of Bias 2 and TESTEX tools and
funnel plots. A random effects model was performed on six studies and showed that dietary nitrate
had significant effects on time-to-peak power (SMD: -0.66, 95% CI: -1.127 to —0.192, p = 0.006) but
not on mean power, peak power, or minimum power. Subgroup analysis revealed that an acute low
nitrate dose improved time-to-peak power (SMD: -0.977, 95% CI: -1.524 to —0.430, p < 0.001) but not
after a multiday moderate nitrate dose (SMD: —0.177, 95% CI: -0.619 to —0.264, p = 0.431). These data
suggest that acute nitrate supplementation can benefit time-to-peak power during 30-s cycling
sprints, but due to the limited availability of data and heterogeneity in methodology, these results
should be interpreted with caution. There was insufficient data on women to analyze sex-based
differences. Future studies are required to provide insight on how supplementation regimen and
population impact the effects of dietary nitrate for enhancing cycling sprint performance.
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1. Introduction

The ability to produce power is critical for cycling performance outcomes given that
the distribution of work, i.e., pacing strategy, is an important consideration that is de-
pendent on the type of event [1,2]. For example, an explosive “all-out” pacing strategy is
advantageous for short-duration sprint events, but in contrast, acceleration and power
generation in the final “end sprint” during middle-distance events or at the end of a tour
stage during long-distance events may be more beneficial [3]. Moreover, external factors
(e.g., environmental conditions, race dynamics, hill climbs, etc.) may require a cyclist to
adopt variable pacing strategies whereby power output is continually altered on demand
to combat various race conditions [4]. Accordingly, strategies to improve cycling power
output are of great interest to recreational and competitive cyclists to enhance cycling per-
formance [5].
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High-intensity interval exercise (i.e., sprint interval training) has been employed by
athletes for decades given that this type of training elicits robust physiological [6] and
performance adaptations [7,8]. High-intensity interval exercise includes single or repeated
intermittent bouts of high-intensity exercise, typically performed above the heavy-inten-
sity domain and up to maximal “all-out” efforts, interspersed by periods of active or pas-
sive recovery [9]. One form of interval exercise is the traditional “Wingate” model consist-
ing of 30-s “all-out” maximal efforts set to 7.5% body mass, interspersed by 4 min of re-
covery and performed on mechanically-braked cycle ergometers [10,11]. To date, Wingate
tests and modified Wingate tests are commonly used to assess anaerobic performance in
sports [12], with Wingate test peak power [13] and mean power [7] reported to increase
following training. Additionally, anaerobic cycling performance from Wingate tests [14—
18] and modified Wingate tests [19] have been correlated with improved exercise perfor-
mance, further highlighting the benefit of including sprint intervals in training programs
for sporting performance. While sprint interval exercise can improve cycling performance
outcomes, combining ergogenic aids with interval exercise may work synergistically to
provide additional (or negative) benefits to either performance or adaptation compared
to either intervention alone, which is important to understand for recreational and com-
petitive individuals who seek to improve performance.

Dietary nitrate supplementation, often administered as concentrated nitrate-rich
beetroot juice, has been reported to induce small improvements to endurance cycling ex-
ercise performance such as time-to-exhaustion trials, with reported ergogenic effects pri-
marily in recreationally active individuals but not elite-level athletes [20]. These perfor-
mance effects may be due to improved energetic cost of contraction via modulated cal-
cium-handling processes [21-23], improved distribution of blood flow [24], and preferen-
tial effects on type II muscle fibers [21,24,25]. Recent advances suggest the possibility for
S-nitrosothiols to have a role in modulating calcium handling [26], although further evi-
dence is required [27,28]. Together, in theory, these mechanisms would increase the like-
lihood of nitrate eliciting ergogenic effects during explosive, high-intensity type exercise.
In support of this, a recent meta-analysis reported that dietary nitrate supplementation
had small positive effects on high-intensity exercise performance (e.g., improved time-to-
peak power, mean power, and total distance covered), but importantly, numerous exer-
cise modalities were included such as cycling, running, and kayaking [29]. Additionally,
since cycling sprint performance may be modulated by a myriad of variables (i.e., inten-
sity, work-to-rest ratio, number of sprints, etc. [6]), and that the efficacy of dietary nitrate
on power output is influenced by various factors (e.g., supplementation regimen [30]),
there is currently a limited understanding on the ergogenicity of dietary nitrate on high-
intensity cycling performance. The 30-s Wingate test model and modified Wingate (i.e.,
non-Wingate) models are widely used in training programs for various sports and as a
research model, and correlate well with various aspects of high-intensity exercise perfor-
mance [19,31,32]. Thus, since dietary nitrate appears to be most efficacious in recreation-
ally active individuals, understanding how dietary nitrate could alter performance in 30-
s cycling sprints in recreationally active individuals may have implications for high-inten-
sity exercise in general and exercise performance in other exercise modalities. Therefore,
the purpose of this systematic review and meta-analysis was to examine the efficacy of
dietary nitrate supplementation on power output metrics during 30-s high-intensity cy-
cling sprints in healthy recreationally active adults.

2. Materials and Methods

The protocol for the present systematic review and meta-analysis was registered on
the Open Science Framework (OSF) database (osf.io/7kjax) on 13 June 2024 and is reported
according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines [33] and the PICOS (participants, interventions, comparators, out-
comes, and study design) criteria [34] (Table 1).
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Table 1. PICOS criteria.

Parameter Inclusion Criteria

Recreationally active, healthy adult males and fe-

Partici t
articipan males, aged 18-65 years.

Nitrate supplementation provided as beetroot juice
without contiguous ingestion of other supplements,
Intervention and information was provided on the supplementa-
tion dose, timing, frequency, and vehicle of admin-
istration.
Placebo provided as beetroot juice with negligible ni-
trate content.

Comparator

Performance outcomes of peak power, mean power,
Outcomes time-to-peak power, minimum power, and total work
done during bouts of 30-s high-intensity sprints.

Randomized, double-blinded, crossover, placebo-
controlled trials. Only studies that were published in
English and as original research (i.e., not a conference

abstract or review) were included.

Study Design

2.1. Search Strategy and Study Selection

The literature search was conducted on MEDLINE, PubMed, ScienceDirect, Scopus,
and SPORTDiscus databases and included all literature published before 14 September
2023. A combination of keywords and subject headings were used as search terms: (“ni-
trate” OR “beetroot”) AND (“male” OR “men” AND/OR “female” OR “women” OR “hu-
man”) AND (“sprint” OR “interval” OR “training” OR “performance” OR “ergogenic”
OR “exercise” OR “short duration” OR “high intensity sprints”) AND (“power” OR “Win-
gate” OR “ergometer” OR “cycling”). The search results were downloaded into Zotero
v.6. (Corporation for Digital Scholarship, USA) and imported into a systematic review-
screening software (Covidence, AUS). Four authors (J.K.C,, LG.L.,, LEW, and M.J.N.)
screened titles and abstracts to determine eligibility, removed duplicates, and any disa-
greements were resolved through consensus. Four authors (J.K.C., LG.L.,, L.EW, and
M.J.N.) independently read and reviewed the articles and further eliminated articles
based on the inclusion criteria. Additionally, four authors (J.K.C., I.G.L., L.E.W, and
M.J.N.) conducted a reference analysis according to PICOS criteria (Table 1).

The primary outcome variables included one or more of the following outcome var-
iables: mean power output (Pmean), peak power output (Ppeak), time-to-peak power, mini-
mum power output (Pmin), and total work done, all measured on a cycle ergometer. Inclu-
sion criteria were applied based on the Cochrane Risk of Bias 2 tool criteria.

2.2. Quality Assessment

Risk of bias was assessed with the Cochrane Risk of Bias tool for crossover trials (RoB
2) (Cochrane, UK) by one author (M.J.N.) and verified by a second author (R.T.) [35]. The
Cochrane Risk of Bias tool criteria included five components: (1) selection of the reported
results, (2) measurement of the outcome, (3) missing outcome data, (4) deviations from
intended interventions, and (5) randomization process. For each of the included studies,
the Cochrane risk of bias tool for crossover trials criteria was categorized as “low risk”,
“some concerns”, or “high risk”. Funnel plots and Egger’s regression tests were used to
assess publication bias and were performed in Comprehensive Meta-Analysis version 4
software (Biostat Inc., Englewood, NJ, USA). In addition, quality assessment was also con-
ducted using the Tool for the Assessment of Study Quality and Reporting in Exercise
(TESTEX) scale by one author (J.K.C) and verified by a second author (T.].M) [36]. We
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included both the Cochrane risk of bias tool and the TESTEX scale to account for study
designs specific to exercise protocols.

2.3. Data Extraction

A standardized data extraction sheet was developed on Microsoft Excel to extract
study characteristics and performance outcomes. Four authors independently extracted
study details (J K.C., LG.L., LEW, and M.J.N.). A fifth author reviewed data extraction
for accuracy and resolved any conflicts (R.T.). The data extracted included the following:
sample size, participant characteristics (e.g., age, height, body mass, training status, and
sex), supplementation regimen (dose, timing, frequency, and vehicle of administration),
exercise protocol, exercise intensity, nitric oxide biomarker measurements and perfor-
mance outcomes (Pmean, Ppeak, time-to-peak power, Pmin, and total work done). One author
(M.J.N) completed data input of extracted data into the Comprehensive Meta-Analysis
version 4 software (Biostat Inc., Englewood, NJ, USA) for statistical analysis. A second
author verified the accuracy of the transferred data (R.T.). Mean and standard deviations
were independently extracted by three authors (J.LK.C.,, I.G.L, and L.E.W.) and reviewed
by a fourth author (M.J.N.).

2.4. Meta-Analyses

Comprehensive Meta-Analysis version 4 software (Biostat Inc., Englewood, NJ, USA)
was used for all analyses. Given the heterogeneity between studies (a priori significance
was p < 0.05), a random-effects model was used to estimate the magnitude of effect of
nitrate supplementation on performance variables. Hedges’ g effect sizes were calculated
for each outcome; small, moderate, and large effects were defined as 0.20-0.49, 0.50-0.79,
and >0.80, respectively [37]. Subgroup analyses were conducted for potential moderator
variables of nitrate dose and dosing regimen. The pooled data for each primary outcome
variable and subgroup analyses are presented as standardized mean differences (SMD),
95% confidence intervals (95% CI), and forest plots. If individual studies included multiple
performance outcomes (e.g., Ppeak in Wingate 1, Wingate 2, and Wingate 3), or a study was
conducted in both sexes (e.g., Wingate 1 in men, Wingate 1 in women, etc.), SMDs were
calculated for each of the performance variables measured within the study and were in-
cluded in the same forest plot.

2.4.1. Heterogeneity Assessment

Heterogeneity was assessed with Chi? and I? tests calculated in Comprehensive Meta-
Analysis version 4 software (Biostat Inc., Englewood, NJ, USA) [38]. Values were defined
as small (25-50%), medium (50-75%), and large (>75%) heterogeneity for I?, and signifi-
cance was p < 0.10 for Chi? [38].

2.4.2. Subgroup Analysis

Subgroup analyses were performed on: (1) nitrate dose (low: 5-8 mmol of nitrate i.e.,
1 x 70 mL nitrate rich beetroot shots [Beet It; James Whyte Drinks; UK] vs. moderate: 11—
13 mmol of nitrate i.e., 2 x 70 mL nitrate-rich beetroot shots [Beet It; James Whyte Drinks;
UK]); (2) dosing regimen (acute vs. multiday); and (3) the number of cycling sprints com-
pleted. While a sex subgroup analysis was of interest, there was not enough representation
of women to complete such an analysis (i.e., 10 women [39]; 2 women out of 13 partici-
pants [40]).
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3. Results
3.1. Study Selection

The original search yielded a total of 717 results. After the elimination of duplicates,
233 full-text articles were eligible for review. A total of seven studies met the eligibility
criteria for the present systematic review and meta-analysis (Figure 1). Absolute values
for group mean and standard deviation data were not presented in table or text for three
studies, and the authors were contacted [39,41,42]. Two authors responded and provided
missing absolute values of mean and standard deviations [39,42]. Thus, we were unable
to complete data extraction and data analysis for one study given that the absolute values
of mean and standard deviations were not available in the full-text publication [41]. Means
and standard deviations not provided in [39] were estimated from boxplots. Specifically,
medians and first and third quartiles from Figure 3 in [39] were extracted using the
PlotDigitizer app (https://plotdigitizer.com/; accessed on 5 August 2024) [43] and subse-
quently converted to means and standard deviations [44,45]
(https://www.math.hkbu.edu.hk/~tongt/papers/median2mean.html; accessed on 5 Au-
gust 2024). Finally, these means and standard deviations were combined (i.e., decom-
posed) into a single average and standard deviation (https://www.statstodo.com/Com-
bineMeansSDs.php; accessed on 5 August 2024) for analysis. Therefore, a total of six stud-
ies were included for data extraction and data analysis.

Identification of new studies via databases and registers

Records identified from:
5 Databases (n = 717):
ki s cif«fggl;isr é&? n2 192)1 4 Records removed before screening:
= MEDLINE (n = 114) Duplicate records (n = 202)
§ PubMed (n = 114)
SPORTDiscus (n = 56)
Records screened Records excluded
(n=515) (n=282)
Reports sought for retrieval Reports not retrieved
(n=233) (n=0)
o Reports excluded:
£ Non-cycling sprint performance
8 outcomes (n = 113)
3 Systematic Review (n = 48)
Meta-analysis (n = 22)
Incompatible Outcome Variables (n = 14)
Reports assessed for eligibility Non-randomized double-blinded
(n =233) crossover placebo-controlled trials (n = 11)
Incompatible intervention (n = 9)
Incompatible subjects (n = 4)
No 30 second high intensity sprint
outcome (n = 3)
Questionnaire (n = 1)
Supplementation regimen (n = 1)
3 New studies included in review
3 n=7)

Figure 1. Literature search strategy.
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3.2. Study Characteristics

A table summary of the six included studies is shown in Table 2. In the included
studies, the sample size had a range of 10 to 20 participants, and the mean age range for
the 88 total participants was 21 to 27 years. Participants were reported as having a range
of training statuses using various standards, such as resistance-trained (i.e., three times
per week for a minimum of 18 months and a bench press 1-repetition maximum 1 time
higher than their body mass and a leg press 1-repetition maximum 1.5 times higher than
their body mass [46] or three times per week in the past 18 months and a 1-repetition
maximum greater than their body mass in bench press and 1.5 times greater than their
body mass in back squats [42], experienced in Wingate tests (i.e., completed a Wingate at
least once in the month before the visit to the lab) [47], recreationally active [39], athletes
from various sports (tennis, alpine ski, American football, cycling, and triathlon) who
were competitively trained [40], or recreational team-sport players familiar with intense
intermittent exercise [48]. Participant data for calculating BMI were only available for
three studies and resulted in a range of 23.7 to 24.2 kg-m2[39,42,47]. The supplementation
methods administered were nitrate-rich beetroot juice (BR; Beet It; James Whyte Drinks;
UK) containing 5.6 to ~13 mmol of nitrate in six studies [39,40,42,46—48]. Out of these six
studies, for the placebo-control, only five studies administered a nitrate-depleted beetroot
juice as the placebo control where the taste, smell, and appearance were identical to BR
(PL; Beet It; James Whyte Drinks; UK) [39,40,42,46,48]; one study administered beetroot
powder in mineral water mixed with lemon juice [47].

Table 2. Studies assessing the effects of dietary NOs~ supplementation on cycling sprint performance
in males.

Author

Subjects

Supplementation Exercise Protocol Findings

Cuenca et al.
(2018) [46]

15 recreationally ac-

tive men

1 Ppeak: +3.8% (PL: 848 + 134 vs.
BR: 881 + 135)
| time-to-Ppeak: —=18% (PL: 8.9 +

3 h prior to exercise in- 14 vs. BR: 7.3 % 0.9)

1 x CM]J PRE cycling sprint

Age:224+1.6y gestion of NOs~-rich BR
Ht: 1.78 +0.06 m (~6.4 mmol NOs")
Wt: 76.9 +10.3 kg

30-s “all-out” cycling sprint
2 x CM]J POST cycling sprint

T Pmean: + 4% (PL 641 +91 vs.
BR: 666 + 100)

Pmin: 4.4% (PL: 8.9 £ 1.4 vs.
BR:7.3+0.9)

Dominguez et
al. (2017) [47]

15 recreationally ac-
tive men 3 h prior to exercise in-
Age:21.46 +1.72y gestion of NOs~-rich BR
Ht: 1.78 £ 0.07 m (~5.6 mmol NOs")
Wt: 76.90 + 8.67 kg

30-s “all-out” cycling sprint at 7.5%

body mass

1 Ppeak: +5.4% (PL: 816.83 +
136.97 vs. BR: 865.69 + 143.91)
> Pmean (PL: 613.98 +94.14 vs.
BR: 648.41 + 104.79)

| time-to-Ppeak: —8.4% (PL: 8.00
+1.46 vs. BR: 7.33 £ 1.23)

> Pmin (PL: 433.33 £ 99.39 vs.
BR: 442.61 + 122.79)

Jodra et al.
(2019) [42]

15 recreationally ac-
tive men
Age:23+2y
Ht: 1.78 £ 0.06 m
Wt: 75.6 £ 8.9 kg

3 h prior to exercise in-
gestion of NOs~rich BR
(~6.4 mmol NOs")

1 x “all-out” cycling sprint at 7.5%

body mass

1 Ppeak: +4.4%: (PL: 848.40 +
134.40 vs. BR: 880.93 + 134.56)
| time-to-Ppeak (PL: 8.87 + 1.41
vs. BR: 7.33 + 0.90)

> Pmean (PL: 641.14 +91.40 vs.
BR: 666.48 + 99.98)

> Pmin (PL: 452.53 + 64.63 vs.
BR: 472.27 +72.35)

Jonvik et al.
(2018) ** [39]

10 recreationally ac-
tive men and 10 rec-
reationally active
women
Age:men27+6y
women 33 +7y

6 d NOs~rich BR juice
supplementation (~800
mg NOs~-d1)

30-s “all-out” cycling sprint at 8.5%

body mass

| time-to-Ppeak (2.8%; p = 0.007)
<> in Pmean (PL: 502.49 + 56.40
vs. BR: 501.08 + 53.99) (WG1
women)
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Ht: men 1.84 + 0.07
m
women 1.70 £ 0.07 m
Wt: men 78 + 8 kg
women 64 + 8 kg

> in Ppeak (PL: 769.19 + 108.25
vs. BR: 761.98 + 105.64) (WG1
women)

> in Pmean (PL: 464.58 + 54.89
vs. BR: 468.23 + 44.06) (WG2
women)

> in Ppeax (PL: 716.76 + 102.16
vs. BR: 692.84 + 97.02) (WG2
women)

> in Pmean (PL: 440.89 + 54.88
vs. BR: 448.57 + 49.56) (WG3
women)

< in Ppeak (PL: 646.71 + 89.40
vs. BR: 679.49 + 97.42) (WG3
women)

> in Pmean (PL: 751.38 + 69.56
vs. BR: 757.65 + 59.40) (WG1
men)

> in Ppeax (PL: 1260.24 + 159.76
vs. BR: 1299.97 +139.10) (WG1
men)

<> in Pmean (PL: 676.16 + 61.37
vs. BR: 671.91 + 65.72) (WG2
men)

> in Ppeax (PL: 1144.64 + 175.18
vs. BR: 1157.27 + 141.50) (WG2
men)

> in Pmean (PL: 632.65 + 36.40
vs. BR: 614.18 + 63.51) (WG3
men)

< in Ppeak (PL: 1052.81 + 149.37
vs. BR: 1050.79 + 130.25) (WG3
men)

Rimer et al.

(2016) [40]

11 men and 2
women university
athletes
Age:259+75y
Ht: 1.806 = 0.075 m
Wt: 73.8 +10.3 kg

2.5 h prior to exercise
ingestion of NOs~-rich
BR (~11.2 mmol NOs")

4 x 3-4-s “all-out” cycling sprints +

120-s rest

after 4-s sprints)

< in Ppeax (PL: 1185 + 249 vs.
BR: 1173 £ 255)

1 x 30-s “all-out” cycling sprint (5 min «in total work (PL: 23.0 + 4.4

KJ vs. BR: 22.8 + 4.8 KJ)

Wylie et al.

(2016) [48]

10 recreationally ac-
tive men
Age:21+1y
Ht: 1.82 £ 0.0l m
Wt: 87.5+9.5kg

5 d NO-rich BR juice
supplementation (~8.2
mmol NOs~d + addi-
tional 4.1 mmol on day

3 and 4)

24 x 6-s “all-out” cycling sprints + 24-s

passive recovery

7 x 30-s “all-out” cycling sprints + 210-
s active recovery (20 W) + 30-s passive

recovery

6 x 60-s cycling bouts (instructed to

maximize mean power across all
bouts)

+40-s active recovery (20 W) + 20-s

passive recovery

7 x 30-s protocol:

>Pmean (PL: 562 + 94 vs. BR:
558 + 95)

> Ppeak (PL: 776 + 142 vs. BR:
768 +157)

1 =significant increase in BR vs. PL; | =significant decrease in BR vs. PL; <> =no change;

** = average

mean of all Wingate performance outcomes were estimated using an online calculator software; CM]J
= counter movement jump; BR = beetroot juice; d = day; Ht = height; h = hours; kg = kilograms; m =
meters; min = minutes; NOs = nitrate; PL = placebo; Pmax = maximal power; Pmean = mean power; Pmin
=minimum power; Ppeak = peak power; s = seconds; W = Watts; Wt: weight; WG1 = Wingate #1; WG2
= Wingate #2; WG3 = Wingate #3; y = years.
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All studies performed exercise protocols on a cycle ergometer [39,40,42,46—48]. Four
studies measured performance during a single 30-s “all-out” cycling test [40,42,46,47].
Two of these studies used the Wingate test model [42,47], one study conducted a maximal
30-s cycling trial after an inertial load cycling trial [40], and one study did not report the
cycling load [46]. One study measured performance across three 30-s “all-out” non-Win-
gate tests (i.e., 30-s at 8.5% body weight) interspersed by 4 min of active recovery [39]. One
study measured performance across seven repeated 30-s “all-out” non-Wingate tests in-
terspersed with 4 min of recovery and did not report cycling load [48].

Five studies measured Pmean [39,42,46-48], six studies measured Ppeax [39,40,42,46-48],
four studies measured time-to-peak power [39,42,46,47], and three studies measured Pmin
[42,46,47]. Only one study measured total work done [40] and thus, this variable was not
included in the analysis. Only one study included exclusive cohorts of women [39], while
one study included 2 women out of 13 total participants [40]. Four studies included rec-
reationally active adults [42,46—48]. One study included participants of different training
statuses (recreationally active, competitive, elite) and reported metrics for training classi-
fications, and given that there were no other studies with competitive or elite-level ath-
letes, we only included data for the recreationally active participants in the analysis [39].
One study included participants from numerous university sports but did not report com-
prehensive training status classification (e.g., training load/history and/or maximal aero-
bic capacity), and therefore, these data were categorized as recreationally active partici-
pants [40].

Four studies provided a low nitrate dose (5.6 to 8.2 mmol of nitrate) [42,46—48], whilst
two studies provided a moderate nitrate dose (11.2 to ~13 mmol of nitrate) [39,40]. Four
studies administered acute nitrate supplementation 2.5 to 3 h prior to exercise
[39,40,46,47]. Two studies administered multi-day nitrate supplementation protocols of
five consecutive days of a moderate nitrate dose (8.2 mmol per day) [48] and six consecu-
tive days of a moderate nitrate dose (~13 mmol per day) [39]. One study provided 11.2
mmol of nitrate across two doses that were administered 30 min apart, 2 to 3 h prior to
exercise [40]. There were no studies that provided an elevated dose of nitrate (i.e., > 13
mmol of nitrate).

Two studies measured plasma nitrate and nitrite via the gold standard of gas-phase
chemiluminescence [39,48].

3.3. Quality Assessment

A summary of the quality assessment is presented in Supplementary Materials Fig-
ure S1, and an individual assessment of each study’s bias is presented in Supplementary
Materials Figure S2. There were no studies excluded based on the Cochrane Risk of Bias
tool scale or the TESTEX tool Supplementary Table S1.

Six studies had a low risk of bias in the overall bias domain [39,40,42,46—48]. Six stud-
ies had a low risk of bias in the selection of the reported result domain [39,40,42,46-48].
Five studies had a low risk of bias in the measurement of the outcome domain
[39,40,42,46,47], and one study had a high risk of bias [48]. Six studies had a low risk of
bias in the missing outcome data domain [39,40,42,46-48]. Five studies had a low risk of
bias in the deviations from the intended interventions domain [39,40,42,46,47], and one
study had some concerns [48]. Six studies had a low risk of bias in the bias arising from
period and carryover effects domain [39,40,42,46—48]. Six studies had a low risk of bias in
the randomization process domain [4,39,40,42,46,48].

3.4. Publication Bias

Although it is conventional to require 10 or more studies to reach adequate statistical
power for funnel plots [49], these funnel plots were still calculated for all primary varia-
bles of interest. As none of the variables has 10 or more studies, all funnel plots were in-
terpreted with caution and viewed as descriptive (as opposed to inferential) heuristics.
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Funnel plot figures are displayed in the Supplementary Materials (Figures S3-56) for vis-
ual inspection of potential publication bias.

Egger’s values are displayed in Supplementary Tables S2-S5. For Pmean, the one- and
two-tailed Egger’s p-values were 0.002 and 0.004, respectively. These results suggest the
presence of publication bias for Pmean, as both p-values were less than 0.10 [50]. For Ppeak,
the one- and two-tailed Egger’s p-values were 0.04 and 0.07, respectively. These results
suggest the presence of publication bias for Ppeax, as both p-values was less than 0.10 [50].
For time-to-peak power, the one- and two-tailed Egger’s p-values were 0.15 and 0.31, re-
spectively. These results suggest that there was no publication bias for time-to-peak
power, as both p-values were greater than 0.10 [50]. For Pmin, the one- and two-tailed Eg-
ger’s p-values were 0.08 and 0.16, respectively. The one-tailed (as opposed to the two-
tailed) result suggested that publication bias may be a concern, as the p-value was less
than 0.10 [50]. However, while as few as six studies may be appropriate for completing a
publication bias analysis [50,51], caution is warranted, as less than 10 studies were in-
cluded within this analysis [38].

3.5. Meta-Analysis
3.5.1. Mean Power Output

Data for Pmean are displayed in the Supplementary Materials (Figure S7). Five studies
measured Pmean [39,42,46-48]. There was no significant difference in Pmean following dietary
nitrate supplementation (SMD: 0.16, 95% CI: -0.065 to 0.393, p =0.16, n =5). As the Q-value
(1.82) was less than the degrees of freedom (6 — 1 = 5), the amount of between-study vari-
ance was less than expected (based on sampling error alone). As such, heterogeneity indi-
ces (e.g., I?) were estimated as zero.

3.5.2. Peak Power Output

Data for Ppeak are displayed in the Supplementary Materials (Figure S8). Six studies
measured Ppeak [39,40,42,46-48]. There was no significant difference in Ppeak following die-
tary nitrate supplementation (SMD: 0.14, 95% CI: —=0.073 to 0.349, p = 0.20, n = 6). As the Q-
value (1.95) was less than the degrees of freedom (6 — 1 = 5), the amount of between-study
variance was less than expected (based on sampling error alone). As such, heterogeneity
indices (e.g., ) were estimated as zero.

3.5.3. Time-to-Peak Power

Data for time-to-peak power are displayed in the Supplementary Materials (Figure
S9). Four studies measured time-to-peak power [39,42,46,47]. There was a significance dif-
ference in time-to-peak power following dietary nitrate supplementation (SMD: -0.66,
95% CI: -1.127 to -0.192, p = 0.006, n = 4), and there was significant heterogeneity (Chi2 =
11.15; I> = 64%; p = 0.025).

3.5.4.. Minimum Power Output

Data for Pmin are displayed in the Supplementary Materials (Figure S10). Three stud-
ies measured Pmin [42,46,47]. There was no significance difference in Pmin following dietary
nitrate supplementation (SMD: 0.12, 95% CI: -0.178 to 0.410, p = 0.44, n =3). As the Q-value
(0.69) was less than the degrees of freedom (3 — 1 = 2), the amount of between-study vari-
ance was less than expected (based on sampling error alone). As such, heterogeneity indi-
ces (e.g., I?) were estimated as zero.

3.5.5. Subgroup Analyses: Mean Power Output

There were no statistical differences in subgroup analyses in for Pmean for dose, sup-
plementation regimen, or number of sprints (Supplementary Materials Figures S11-513).
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3.5.6. Subgroup Analyses: Peak Power Output

There were no statistical differences in subgroup analyses in for Ppeak for dose, sup-
plementation regimen, or number of sprints (Supplementary Materials Figures 5S14-516).

3.5.7. Subgroup Analyses: Time-to-Peak Power

Data for time-to-peak power subgroup analyses are displayed in the Supplementary
Materials (Figures 517-519). Time-to-peak power was significantly improved during one
sprint following a low NOs~ dose provided acutely at 2-3 h prior to exercise (SMD: -0.977,
95% CI: —1.524 to -0.430, p < 0.001, n = 3) but not during three sprints when a moderate
NOs dose was provided over 6 consecutive days (i.e.,, multiday) (SMD: -0.177, 95% CI:
-0.619 to -0.264, p = 0.431, n =2).

4. Discussion

The main finding of this systematic review and meta-analysis was that dietary nitrate
supplementation enhanced time-to-peak power during single 30-s cycling sprints but had
no effects on other power output metrics during single or multiple 30-s high-intensity cy-
cling sprint exercise in recreationally active individuals. Notably, a limited number of
studies were included, with variability in methodology and population, and thus, these
findings should be treated with caution. In total, six studies were included, whereby five,
six, four, and three studies measured Pmean, Ppeak, time-to-peak power, and Pmin, respec-
tively. Accordingly, these data should be treated as preliminary evidence that highlights
the limited available data and serves as a call for researchers to investigate the efficacy of
dietary nitrate supplementation on cycling sprint performance in various populations.

To date, various meta-analyses have been conducted on the effects of dietary nitrate
supplementation and exercise performance [20,52-55]. The overarching result from these
meta-analyses is that dietary nitrate has a small-to-moderate effect size on time-to-exhaus-
tion tests, while time trials were less likely to have any benefits [20,55]. Notably, the het-
erogeneity in methodology results in meta-analyses typically incorporating a myriad of
exercise modalities (e.g., cycling, running, rowing, and kayaking [20,29] and/or exercise
protocols (e.g., time trials, steady-state exercise, time-to-exhaustion trials, and sprints
[53]). Thus, some of these results cannot be extrapolated to a specific exercise modality or
exercise protocol, which precludes understanding whether nitrate can improve perfor-
mance in a specific scenario such as cycling sprints. Our preliminary data highlight the
need for further research on specific exercise protocols within specific exercise modalities
to provide further insight as to whether dietary nitrate has ergogenic effects particularly
on cycling sprints.

The ergogenicity of dietary nitrate supplementation has been attributed to improved
contractile function via enhanced type II muscle fiber calcium handling [21] and blood
flow distribution [24]. Moreover, since type II muscle fiber recruitment is dependent on
both the rate of force development and velocity of contraction [56,57], dietary nitrate sup-
plementation has been suggested to potentially enhance high-power and high-velocity
exercise performance [58] as well as peak power and contractile velocity [26]. Therefore,
it is surprising that this meta-analysis found that dietary nitrate improved time-to-peak
power but had no effect on mean power, peak power, or minimum power during 30-s
Wingate and non-Wingate tests since these protocols require maximal “all-out” efforts
that would be expected to recruit type II fibers [59]. However, these data may implicate
that dietary nitrate ingestion may particularly benefit the initial phases of contraction,
such as during acceleration phases, as suggested by previous studies [25,58,60], but
should be interpreted with caution. Moreover, these results only apply to 30-s cycling
sprints, but a plethora of intermittent-sprint protocols have been investigated (e.g., 6-s, 15-
s, 20-s, 24-s, and 60-s cycling sprints [48,61-63]), which highlights the need for more re-
search to understand how sprint protocols and supplementation regimen interact for en-
hancing performance.
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We found that an acute, low nitrate dose was effective at enhancing time-to-peak
power, but a moderate nitrate dose ingested over multiple consecutive days was ineffec-
tive. While the reason for different performance effects between dosing regimens is cur-
rently unclear, it should be noted that numerous other factors may contribute to the effi-
cacy of nitrate. Previous meta-analyses have demonstrated that factors such as supple-
mentation protocol (e.g., timing, duration, frequency, and dosage), training status, exer-
cise protocol, sex, and type of nitrate supplement likely impact the efficacy of dietary ni-
trate supplementation on exercise performance [20,64]. Notably, only one study included
a sub-category cohort of recreationally active women (n = 10) and compared individuals
across training statuses [39]. In addition, a limited number of studies have examined 30-s
cycling protocols in elite-level athletes, which is a population that may be particularly
interested in dietary nitrate supplementation [39]. Furthermore, further research is re-
quired to advance our understanding on how supplementation regimen (i.e., timing, dose,
and acute vs. short-term vs. chronic supplementation) impacts the potential ergogenic ef-
fects of nitrate on cycling sprint performance. Together, more research is needed on
women, varying training statuses, cycling sprints protocols, and supplementation regi-
men to increase the practical application of dietary nitrate to users who aim to enhance
cycling sprint performance. For example, nitrate appears to have no effect on exercise per-
formance in the majority of studies conducted in women thus far [65-70], and physiolog-
ical sex-differences [71] may contribute to disparate results compared to men [20]. There-
fore, this current paper serves as a call to researchers to continue investigating these fac-
tors. It should be noted that while the current study focused on power output metrics, we
cannot exclude the possibility that nitrate could improve other aspects of cycling sprint
performance, as demonstrated by others [29,48].

There are several limitations of this systematic review and meta-analysis. We in-
cluded only six studies and double-counted one study in the analysis by including data
from men and women within that study [39]. While this method has been previously em-
ployed in other meta-analyses [20,72], this might introduce bias towards this study, and
thus, the results must be interpreted cautiously. Moreover, it is likely possible that the low
number of studies, low sample sizes, and heterogeneity between the included studies con-
tributed to the lack of ergogenic effect following nitrate supplementation, which high-
lights the need for further high-quality studies. Furthermore, only two studies included
women [39,40], and only one study included elite-level athletes [39]. Therefore, we were
unable to conduct subgroup analyses on sex-differences and training status. Lastly, only
two studies included analytical procedures to measure nitric oxide bioavailability which
verifies successful absorption and metabolism of dietary nitrate [39,48]. These data are
critical, especially since performance has been associated with the magnitude of elevation
in plasma [nitrite] (i.e., the surrogate biomarker for nitric oxide) [60,73], and future inves-
tigations are encouraged to include these analyses for robust procedures.

5. Conclusions

The current systematic review and meta-analysis revealed that an acute, low nitrate
dose improved time-to-peak power but not other power output metrics during 30-s high-
intensity cycling sprints in recreationally active individuals. While these data represent a
limited number of available studies and should be interpreted with caution, this meta-
analysis may be an impetus for researchers to continue completing much-needed research
to assess the potential of dietary nitrate supplementation to enhance sprint cycling perfor-
mance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu16162764/s1, Table S1: TESTEX Scale assessment of stud-
ies; Table S2: Egger’s regression intercept for Pmean; Table S3: Egger’s regression intercept for Ppeak;
Table S4: Egger’s regression intercept for time-to-peak power; Table S5: Egger’s regression intercept
for Pmin. Figure S1: Summary risk of bias graph for double blinded randomized crossover trials
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evaluating the effects of dietary nitrate supplementation on performance outcomes during 30-s cy-
cling sprints; Figure S2: Risk of bias for randomized double-blinded placebo-controlled trials; Figure
S3: Funnel plot evaluating publication bias of trials assessing mean power output (Pmean) following
placebo and nitrate (n = 5). Jonvik et al. (2018) [39] was double-counted one time to account for data
obtained in men and wome; Figure S4: Funnel plot evaluating publication bias of trials assessing
peak power output (Ppeak) following placebo and nitrate (n = 6). Jonvik et al. (2018) [39] was double-
counted one time to account for data obtained in men and women; Figure S5: Funnel plot evaluating
publication bias of trials assessing time-to-peak power following placebo and nitrate (n = 4). Jonvik
et al. (2018) [39] was double-counted one time to account for data obtained in men and women;
Figure S6: Funnel plot evaluating publication bias of trials assessing minimum power (Pmin) follow-
ing placebo and nitrate (n = 3); Figure S7: Forest plot demonstrating mean power output (Pmean)
following placebo (A) and nitrate (B); Figure S8: Forest plot demonstrating peak power output (Ppeak)
receiving placebo (A) and nitrate (B); Figure S9: Forest plot demonstrating time-to-peak power fol-
lowing placebo (A) and nitrate (B); Figure S10: Forest plot demonstrating minimum power output
(Pmin) following placebo (A) and nitrate (B). Figure S11: Forest plot demonstrating subgroup analysis
by dose for following placebo (A) and nitrate (B) for Pmean; Figure S12: Forest plot demonstrating
subgroup analysis by supplementation regimen for following placebo (A) and nitrate (B) for Pmean;
Figure S13: Forest plot demonstrating subgroup analysis by number of sprints for following placebo
(A) and nitrate (B) for Pmean; Figure S14: Forest plot demonstrating subgroup analysis by dose for
following placebo (A) and nitrate (B) for Ppeak; Figure S15: Forest plot demonstrating subgroup anal-
ysis by supplementation regimen for following placebo (A) and nitrate (B) for Ppeak; Figure 516: For-
est plot demonstrating subgroup analysis by number of sprints for following placebo (A) and nitrate
(B) for Ppeak; Figure S17: Forest plot demonstrating subgroup analysis by dose for following placebo
(A) and nitrate (B) for time-to-peak power; Figure S18: Forest plot demonstrating subgroup analysis
by supplementation regimen for following placebo (A) and nitrate (B) for time-to-peak power; Fig-
ure S19: Forest plot demonstrating subgroup analysis by number of sprints for following placebo
(A) and nitrate (B) for time-to-peak power.

Author Contributions: Conceptualization, R.T., JK.C, I.G.L, LEW, M.J.N,, TJM,, L. A.G, S.J.B,,
and A.P.; methodology, R.T., JK.C,, LG.L, LEW., M.JN,, TJM, L. A.G, SJ.B., and A.P.; formal
analysis, R.T,, ] K.C,, LG.L,, L.EW., and M.].N,; investigation, R.T., ] K.C,, I.G.L,, LEW., and M.].N,;
data curation, R.T., ] K.C, LG.L,, L.LEW., and M.].N.; writing — original draft preparation, R.T., ] K.C,,
I.GL,LEW,M]N,TJM.,LA.G,S]B., and A.P.; writing—review and editing, R.T., ] K.C,, L.G.L.,
LEW, MJ]N, TJM, L.A.G, S].B, and A.P.; supervision, R.T.; project administration, R.T. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank Daphne Green and Nehal Alsharif for administrative and software
support, respectively.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Abbiss, C.R;; Peiffer, ].J.; Laursen, P.B. Optimal Cadence Selection during Cycling: Review Article. Int. SportMed ]. 2009, 10, 1-
15. https://doi.org/10.10520/E]C48370.

2. deKoning, J.J.; Bobbert, M.F.; Foster, C. Determination of Optimal Pacing Strategy in Track Cycling with an Energy Flow Model.
J. Sci. Med. Sport 1999, 2, 266-277. https://doi.org/10.1016/s1440-2440(99)80178-9.

3. Abbiss, C.R,; Laursen, P.B. Describing and Understanding Pacing Strategies during Athletic Competition. Sports Med. 2008, 38,
239-252. https://doi.org/10.2165/00007256-200838030-00004.

4.  Liedl, M.A.; Swain, D.P.; Branch, ].D. Physiological Effects of Constant versus Variable Power during Endurance Cycling. Med.
Sci. Sports Exerc. 1999, 31, 1472-1477. https://doi.org/10.1097/00005768-199910000-00018.

5. Martin, J.C,; Davidson, C.J.; Pardyjak, E.R. Understanding Sprint-Cycling Performance: The Integration of Muscle Power, Re-
sistance, and Modeling. Int. J. Sports Physiol. Perform. 2007, 2, 5-21. https://doi.org/10.1123/ijspp.2.1.5.

6. Maclnnis, M.].; Gibala, M.]. Physiological Adaptations to Interval Training and the Role of Exercise Intensity. J. Physiol. 2017,
595, 2915-2930. https://doi.org/10.1113/JP273196.

7. Gibala, M.].; Little, J.P.; Van Essen, M.; Wilkin, G.P.; Burgomaster, K.A.; Safdar, A.; Raha, S.; Tarnopolsky, M.A. Short-term

Sprint Interval versus Traditional Endurance Training: Similar Initial Adaptations in Human Skeletal Muscle and Exercise Per-
formance. J. Physiol. 2006, 575, 901-911. https://doi.org/10.1113/jphysiol.2006.112094.



Nutrients 2024, 16, 2764 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Rokkedal-Lausch, T.; Franch, J.; Poulsen, M.K.; Thomsen, L.P.; Weitzberg, E.; Kamavuako, E.N.; Karbing, D.S.; Larsen, R.G.
Chronic High-Dose Beetroot Juice Supplementation Improves Time Trial Performance of Well-Trained Cyclists in Normoxia
and Hypoxia. Nitric Oxide—Biol. Chem. 2019, 85, 44-52. https://doi.org/10.1016/j.niox.2019.01.011.

Coates, A.M.; Joyner, M.].; Little, ].P.; Jones, A.M.; Gibala, M.]. A Perspective on High-Intensity Interval Training for Perfor-
mance and Health. Sports Med. 2023, 53, 85-96. https://doi.org/10.1007/s40279-023-01938-6.

MacDougall, ].D.; Hicks, A.L.; MacDonald, J.R.; McKelvie, R.S.; Green, H.J.; Smith, K.M. Muscle Performance and Enzymatic
Adaptations to Sprint Interval Training. J. Appl. Physiol. 1998, 84, 2138-2142. https://doi.org/10.1152/jappl.1998.84.6.2138.
Castafieda-Babarro, A. The Wingate Anaerobic Test, a Narrative Review of the Protocol Variables That Affect the Results Ob-
tained. Appl. Sci. 2021, 11, 7417. https://doi.org/10.3390/app11167417.

Hall, A]J.; Aspe, R.R.; Craig, T.P.; Kavaliauskas, M.; Babraj, J.; Swinton, P.A. The Effects of Sprint Interval Training on Physical
Performance: A  Systematic Review and Meta-Analysis. ]  Strength  Cond. Res. 2023, 37, 457-48l.
https://doi.org/10.1519/JSC.0000000000004257.

Burgomaster, K.A.; Heigenhauser, G.J.F.; Gibala, M.]. Effect of Short-Term Sprint Interval Training on Human Skeletal Muscle
Carbohydrate Metabolism during Exercise and Time-Trial Performance. ]. Appl. Physiol. 2006, 100, 2041-2047.
https://doi.org/10.1152/japplphysiol.01220.2005.

Richard Davison, R.C.; Swan, D.; Coleman, D.; Bird, S. Correlates of Simulated Hill Climb Cycling Performance. J. Sports Sci.
2000, 18, 105-110. https://doi.org/10.1080/026404100365171.

Foster, C.; Farland, C.V.; Guidotti, F.; Harbin, M.; Roberts, B.; Schuette, J.; Tuuri, A.; Doberstein, S.T.; Porcari, ].P. The Effects of
High Intensity Interval Training vs Steady State Training on Aerobic and Anaerobic Capacity. ]. Sports Sci. Med. 2015, 14, 747-
755.

Ko, D.-H.; Choi, Y.-C.; Lee, D.-S. The Effect of Short-Term Wingate-Based High Intensity Interval Training on Anaerobic Power
and Isokinetic Muscle Function in Adolescent Badminton Players. Children 2021, 8, 458. https://doi.org/10.3390/children8060458.
Sirotic, A.C.; Coutts, A.]. Physiological and Performance Test Correlates of Prolonged, High-Intensity, Intermittent Running
Performance in Moderately Trained Women Team Sport Athletes. ]. Strength Cond. Res. 2007, 21, 138-144.
https://doi.org/10.1519/00124278-200702000-00025.

Zagatto, A.M.; Beck, W.R.; Gobatto, C.A. Validity of the Running Anaerobic Sprint Test for Assessing Anaerobic Power and
Predicting Short-Distance Performances. J. Strength Cond. Res. 2009, 23, 1820-1827.
https://doi.org/10.1519/JSC.0b013e3181b3df32.

Inoue, A.; Sa Filho, A.S.; Mello, F.C.M.; Santos, T.M. Relationship between Anaerobic Cycling Tests and Mountain Bike Cross-
Country Performance. |. Strength Cond. Res. 2012, 26, 1589-1593. https://doi.org/10.1519/]SC.0b013e318234eb89.

Senefeld, ].W.; Wiggins, C.C.; Regimbal, R.].; Dominelli, P.B.; Baker, S.E.; Joyner, M.]. Ergogenic Effect of Nitrate Supplementa-
tion: A  Systematic Review and Meta-Analysis. Med.  Sci.  Sports  Exerc. 2020, 52, 2250-2261.
https://doi.org/10.1249/MSS.0000000000002363.

Hernandez, A.; Schiffer, T.A.; Ivarsson, N.; Cheng, A.]J.; Bruton, J.D.; Lundberg, ].O.; Weitzberg, E.; Westerblad, H. Dietary
Nitrate Increases Tetanic [Ca*]i and Contractile Force in Mouse Fast-Twitch Muscle. ]. Physiol. 2012, 590, 3575-3583.
https://doi.org/10.1113/jphysiol.2012.232777.

Bailey, S.J.; Gandra, P.G.; Jones, A.M.; Hogan, M.C.; Nogueira, L. Incubation with Sodium Nitrite Attenuates Fatigue Develop-
ment in Intact Single Mouse Fibres at Physiological POz. . Physiol. 2019, 597, 5429-5443. https://doi.org/10.1113/JP278494.
Bailey, S.J.; Fulford, J.; Vanhatalo, A.; Winyard, P.G.; Blackwell, ].R.; DiMenna, F.J.; Wilkerson, D.P.; Benjamin, N.; Jones, A.M.
Dietary Nitrate Supplementation Enhances Muscle Contractile Efficiency during Knee-Extensor Exercise in Humans. J. Appl.
Physiol. 2010, 109, 135-148. https://doi.org/10.1152/japplphysiol.00046.2010.

Ferguson, S.K.; Hirai, D.M.; Copp, S.W.; Holdsworth, C.T.; Allen, ].D.; Jones, A.M.; Musch, T.I; Poole, D.C. Impact of Dietary
Nitrate Supplementation via Beetroot Juice on Exercising Muscle Vascular Control in Rats. J. Physiol. 2013, 591, 547-557.
https://doi.org/10.1113/jphysiol.2012.243121.

Breese, B.C.; McNarry, M.A.; Marwood, S.; Blackwell, ].R; Bailey, S.J.; Jones, A.M. Beetroot Juice Supplementation Speeds O2
Uptake Kinetics and Improves Exercise Tolerance during Severe-Intensity Exercise Initiated from an Elevated Metabolic Rate.
Am. ]. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R1441-R1450. https://doi.org/10.1152/ajpregu.00295.2013.

Coggan, A.R.; Peterson, L.R. Dietary Nitrate Enhances the Contractile Properties of Human Skeletal Muscle. Exerc. Sport Sci.
Rev. 2018, 46, 254-261. https://doi.org/10.1249/JES.0000000000000167.

Abu-Alghayth, M.; Vanhatalo, A.; Wylie, L.].; McDonagh, S.T].; Thompson, C.; Kadach, S.; Kerr, P.; Smallwood, M.].; Jones,
AM.; Winyard, P.G. S-Nitrosothiols, and Other Products of Nitrate Metabolism, Are Increased in Multiple Human Blood Com-
partments Following Ingestion of Beetroot Juice. Redox Biol. 2021, 43, 101974. https://doi.org/10.1016/j.redox.2021.101974.

Wei, C.; Vanhatalo, A.; Black, M.L; Blackwell, ].R.; Rajaram, R.; Kadach, S.; Jones, A.M. Relationships between Nitric Oxide
Biomarkers and Physiological Outcomes Following Dietary Nitrate Supplementation. Nitric Oxide Biol. Chem. 2024, 148, 23-33.
https://doi.org/10.1016/j.niox.2024.04.010.

Alsharif, N.S.; Clifford, T.; Alhebshi, A.; Rowland, S.N.; Bailey, S.J. Effects of Dietary Nitrate Supplementation on Performance
during Single and Repeated Bouts of Short-Duration High-Intensity Exercise: A Systematic Review and Meta-Analysis of Ran-
domised Controlled Trials. Antioxidants 2023, 12, 1194. https://doi.org/10.3390/antiox12061194.



Nutrients 2024, 16, 2764 14 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Tan, R.; Baranauskas, M.N.; Karl, S.T.; Ortiz de Zevallos, J.; Shei, R.-J.; Paris, H.L.; Wiggins, C.C.; Bailey, S.J. Effects of Dietary
Nitrate Supplementation on Peak Power Output: Influence of Supplementation Strategy and Population. Nitric Oxide 2023, 138—
139, 105-119. https://doi.org/10.1016/j.niox.2023.06.004.

Hofman, N.; Orie, J.; Hoozemans, M.].M.; Foster, C.; De Koning, J.]. Wingate Test as a Strong Predictor of 1500-m Performance
in Elite Speed Skaters. Int. ]. Sports Physiol. Perform. 2017, 12, 1288-1292. https://doi.org/10.1123/ijspp.2016-0427.

Maciejewski, H.; Rahmani, A.; Chorin, F.; Lardy, J.; Giroux, C.; Ratel, S. The 1,500-m Rowing Performance Is Highly Dependent
on Modified Wingate Anaerobic Test Performance in National-Level Adolescent Rowers. Pediatr. Exerc. Sci. 2016, 28, 572-579.
https://doi.org/10.1123/pes.2015-0283.

Mobher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G.; PRISMA Group. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. Ann. Intern. Med. 2009, 151, 264-269, W64. https://doi.org/10.7326/0003-4819-151-4-
200908180-00135.

Brown, P.; Brunnhuber, K.; Chalkidou, K.; Chalmers, I.; Clarke, M.; Fenton, M.; Forbes, C.; Glanville, J.; Hicks, N.J.; Moody, J.;
et al. How to Formulate Research Recommendations. BM] 2006, 333, 804-806. https://doi.org/10.1136/bmj.38987.492014.94.
Sterne, J.A.C.; Savovi¢, J.; Page, M.].; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.-Y.; Corbett, M.S.; Eldridge,
SM.; et al. RoB 2: A Revised Tool for Assessing Risk of Bias in Randomised Trials. BM] 2019, 366, 14898.
https://doi.org/10.1136/bm;.14898.

Smart, N.A.; Waldron, M.; Ismail, H.; Giallauria, F.; Vigorito, C.; Cornelissen, V.; Dieberg, G. Validation of a New Tool for the
Assessment of Study Quality and Reporting in Exercise Training Studies: TESTEX. Int. |. Evid. Based Healthc. 2015, 13, 9-18.
https://doi.org/10.1097/XEB.0000000000000020.

Hedges, L.V. Distribution Theory for Glass’s Estimator of Effect Size and Related Estimators. J. Educ. Stat. 1981, 6, 107-128.
https://doi.org/10.3102/10769986006002107.

Higgins, J.P.T.; Green, S. Cochrane Handbook for Systematic Reviews of Intervention. Version 5.1.0 (Updated March 2011); The
Cochrane Collaboration: London, UK, 2011.

Jonvik, K.L.; Nyakayiru, J.; Van Dijk, ].W.; Maase, K.; Ballak, S.B.; Senden, ]. M.G.; Van Loon, L.J.C.; Verdijk, L.B. Repeated-
Sprint Performance and Plasma Responses Following Beetroot Juice Supplementation Do Not Differ between Recreational,
Competitive and Elite Sprint Athletes. Eur. J. Sport Sci. 2018, 18, 524-533. https://doi.org/10.1080/17461391.2018.1433722.
Rimer, E.G; Peterson, L.R.; Coggan, A.R.; Martin, J.C. Increase in Maximal Cycling Power with Acute Dietary Nitrate Supple-
mentation. Int. ]. Sports Physiol. Perform. 2016, 11, 715-720. https://doi.org/10.1123/ijspp.2015-0533.

Finkel, A.; Rohrich, M.A; Maassen, N.; Liitzow, M.; Blau, L.S.; Hanff, E.; Tsikas, D.; Maassen, M. Long-Term Effects of NO3- on
the Relationship between Oxygen Uptake and Power after Three Weeks of Supplemented HIHVT. ]. Appl. Physiol. 2018, 125,
1997-2007. https://doi.org/10.1152/japplphysiol.00176.2018.

Jodra, P.; Dominguez, R.; Sanchez-Oliver, A.].; Veiga-Herreros, P.; Bailey, S.]. Effect of Beetroot Juice Supplementation on Mood,
Perceived Exertion, and Performance During a 30-Second Wingate Test. Int. ]. Sports Physiol. Perform. 2020, 15, 243-248.
https://doi.org/10.1123/ijspp.2019-0149.

Aydin, O.; Yassikaya, M.Y. Validity and Reliability Analysis of the PlotDigitizer Software Program for Data Extraction from
Single-Case Graphs. Perspect. Behav. Sci. 2022, 45, 239-257. https://doi.org/10.1007/s40614-021-00284-0.

Luo, D.; Wan, X;; Liu, J.; Tong, T. Optimally Estimating the Sample Mean from the Sample Size, Median, Mid-Range, and/or
Mid-Quartile Range. Stat. Methods Med. Res. 2018, 27, 1785-1805. https://doi.org/10.1177/0962280216669183.

Wan, X.; Wang, W.; Liu, J.; Tong, T. Estimating the Sample Mean and Standard Deviation from the Sample Size, Median, Range
and/or Interquartile Range. BMC Med. Res. Methodol. 2014, 14, 135. https://doi.org/10.1186/1471-2288-14-135.

Cuenca, E; Jodra, P.; Pérez-Lopez, A.; Gonzalez-Rodriguez, L.G.; Fernandes da Silva, S.; Veiga-Herreros, P.; Dominguez, R.
Effects of Beetroot Juice Supplementation on Performance and Fatigue in a 30-s All-Out Sprint Exercise: A Randomized, Double-
Blind Cross-Over Study. Nutrients 2018, 10, 1222-1233. https://doi.org/10.3390/nu10091222.

Dominguez, R.; Garnacho-Castafio, M.V.; Cuenca, E.; Garcia-Fernandez, P.; Mufioz-Gonzalez, A.; de Jesus, F.; Lozano-Estevan,
M.D.C,; Fernandes da Silva, S.; Veiga-Herreros, P.; Maté-Munoz, J.L. Effects of Beetroot Juice Supplementation on a 30-s High-
Intensity Inertial Cycle Ergometer Test. Nutrients 2017, 9, 1360-1373. https://doi.org/10.3390/nu9121360.

Wylie, L.].; Bailey, S.J.; Kelly, J.; Blackwell, J.R.; Vanhatalo, A.; Jones, A.M. Influence of Beetroot Juice Supplementation on In-
termittent Exercise Performance. Eur. |. Appl. Physiol. 2016, 116, 415-425. https://doi.org/10.1007/s00421-015-3296-4.

Sterne, J.A.C.; Sutton, A.]J.; Ioannidis, ].P.A.; Terrin, N.; Jones, D.R.; Lau, J.; Carpenter, ].; Riicker, G.; Harbord, R.M.; Schmid,
C.H.; et al. Recommendations for Examining and Interpreting Funnel Plot Asymmetry in Meta-Analyses of Randomised Con-
trolled Trials. BM] 2011, 343, d4002. https://doi.org/10.1136/bmj.d4002.

Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in Meta-Analysis Detected by a Simple, Graphical Test. BM] 1997, 315,
629-634. https://doi.org/10.1136/bmj.315.7109.629.

Tang, J.L.; Liu, J.L. Misleading Funnel Plot for Detection of Bias in Meta-Analysis. J. Clin. Epidemiol. 2000, 53, 477-484.
https://doi.org/10.1016/s0895-4356(99)00204-8.

Campos, H.O.; Drummond, L.R.; Rodrigues, Q.T.; Machado, F.S.M.; Pires, W.; Wanner, S.P.; Coimbra, C.C. Nitrate Supplemen-
tation Improves Physical Performance Specifically in Non-Athletes during Prolonged Open-Ended Tests: A Systematic Review
and Meta-Analysis. Br. . Nutr. 2018, 119, 636-657. https://doi.org/10.1017/50007114518000132.



Nutrients 2024, 16, 2764 15 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gao, C,; Gupta, S.; Adli, T.; Hou, W.; Coolsaet, R.; Hayes, A.; Kim, K.; Pandey, A.; Gordon, J.; Chahil, G.; et al. The Effects of
Dietary Nitrate Supplementation on Endurance Exercise Performance and Cardiorespiratory Measures in Healthy Adults: A
Systematic Review and Meta-Analysis. |. Int. Soc. Sports Nutr. 2021, 18, 55. https://doi.org/10.1186/s12970-021-00450-4.

Hoon, M.W.; Hopkins, W.G.; Jones, A.M.; Martin, D.T.; Halson, S.L.; West, N.P.; Johnson, N.A.; Burke, L.M. Nitrate Supple-
mentation and High-Intensity Performance in Competitive Cyclists. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2014,
39, 1043-1049. https://doi.org/10.1139/apnm-2013-0574.

McMahon, N.F.; Leveritt, M.D.; Pavey, T.G. The Effect of Dietary Nitrate Supplementation on Endurance Exercise Performance
in Healthy Adults: A Systematic Review and Meta-Analysis. Sports Med. 2017, 47, 735-756. https://doi.org/10.1007/s40279-016-
0617-7.

Ivy, J.L.; Withers, R.T.; Brose, G.; Maxwell, B.D.; Costill, D.L. Isokinetic Contractile Properties of the Quadriceps with Relation
to Fiber Type. Eur. ]. Appl. Physiol. 1981, 47, 247-255. https://doi.org/10.1007/BF00422470.

Bar-Or, O.; Dotan, R.; Inbar, O.; Rothstein, A.; Karlsson, ]J.; Tesch, P. Anaerobic Capacity and Muscle Fiber Type Distribution in
Man. Int. ]. Sports Med. 1980, 1, 82-85. https://doi.org/10.1055/5-2008-1034636.

Bailey, S.J.; Varnham, R.L.; DiMenna, F.J.; Breese, B.C.; Wylie, L.]J.; Jones, A.M. Inorganic Nitrate Supplementation Improves
Muscle Oxygenation, O, Uptake Kinetics, and Exercise Tolerance at High but Not Low Pedal Rates. . Appl. Physiol. 2015, 118,
1396-1405. https://doi.org/10.1152/japplphysiol.01141.2014.

Esbjornsson-Liljedahl, M.; Sundberg, C.J.; Norman, B.; Jansson, E. Metabolic Response in Type I and Type II Muscle Fibers
during a 30-s Cycle Sprint in Men and Women. ]. Appl. Physiol. 1999, 87, 1326-1332. https://doi.org/10.1152/jappl.1999.87.4.1326.
Coggan, A R.; Leibowitz, ].L.; Kadkhodayan, A.; Thomas, D.P.; Ramamurthy, S.; Spearie, C.A.; Waller, S.; Farmer, M.; Peterson,
L.R. Effect of Acute Dietary Nitrate Intake on Maximal Knee Extensor Speed and Power in Healthy Men and Women. Nitric
Oxide Biol. Chem. 2015, 48, 16-21. https://doi.org/10.1016/j.niox.2014.08.014.

Aucouturier, J.; Boissiere, J.; Pawlak-Chaouch, M.; Cuvelier, G.; Gamelin, F.-X. Effect of Dietary Nitrate Supplementation on
Tolerance to Supramaximal Intensity Intermittent Exercise. Nitric Oxide—Biol. Chem. 2015, 49, 16-25.
https://doi.org/10.1016/j.niox.2015.05.004.

Christensen, P.M.; Nyberg, M.; Bangsbo, J. Influence of Nitrate Supplementation on VO: Kinetics and Endurance of Elite Cy-
clists. Scand. ]. Med. Sci. Sports 2013, 23, e21-e31. https://doi.org/10.1111/sms.12005.

Porecelli, S.; Pugliese, L.; Rejc, E.; Pavei, G.; Bonato, M.; Montorsi, M.; La Torre, A.; Rasica, L.; Marzorati, M. Effects of a Short-
Term High-Nitrate Diet on Exercise Performance. Nutrients 2016, 8, 534. https://doi.org/10.3390/nu8090534.

Silva, K.V.C,; Costa, B.D.; Gomes, A.C.; Saunders, B.; Mota, ].F. Factors That Moderate the Effect of Nitrate Ingestion on Exercise
Performance in Adults: A Systematic Review with Meta-Analyses and Meta-Regressions. Adv. Nutr. 2022, 13, 1866-1881
https://doi.org/10.1093/advances/nmac054.

Hogwood, A.C.; Ortiz de Zevallos, J.; Kruse, K.; De Guzman, J.; Buckley, M.; Weltman, A.; Allen, J.D. The Effects of Inorganic
Nitrate Supplementation on Exercise Economy and Endurance Capacity across the Menstrual Cycle. J. Appl. Physiol. 2023, 135,
1167-1175. https://doi.org/10.1152/japplphysiol.00221.2023.

Lépez-Samanes, A.; Ramos-Alvarez, J.J.; Miguel-Tobal, F.; Gaos, S.; Jodra, P.; Arranz-Mufioz, R.; Dominguez, R.; Montoya, J.J.
Influence of Beetroot Juice Ingestion on Neuromuscular Performance on Semi-Professional Female Rugby Players: A Random-
ized, Double-Blind, Placebo-Controlled Study. Foods 2022, 11, 3614. https://doi.org/10.3390/foods11223614.

Lopez-Samanes, A Pérez-Lopez, A.; Morencos, E.; Mufioz, A.; Kithn, A.; Sanchez-Migallon, V.; Moreno-Pérez, V.; Gonzalez-
Frutos, P.; Bach-Faig, A.; Roberts, J.; et al. Beetroot Juice Ingestion Does Not Improve Neuromuscular Performance and Match-
Play Demands in Elite Female Hockey Players: A Randomized, Double-Blind, Placebo-Controlled Study. Eur. ]. Nutr. 2023, 62,
1123-1130. https://doi.org/10.1007/s00394-022-03052-1.

Ortiz de Zevallos, J.; Hogwood, A.C.; Kruse, K.; De Guzman, J.; Buckley, M.; Weltman, A.L.; Allen, ].D. Sex Differences in the
Effects of Inorganic Nitrate Supplementation on Exercise Economy and Endurance Capacity in Healthy Young Adults. J. Appl.
Physiol. 2023, 135, 1157-1166. https://doi.org/10.1152/japplphysiol.00220.2023.

Poredos, D.; Jenko Praznikar, Z.; Kozinc, 7. Acute Effects of Beetroot Juice Supplementation on Isometric Muscle Strength, Rate
of Torque Development and Isometric Endurance in Young Adult Men and Women: A Randomized, Double-Blind, Controlled
Cross-Over Pilot Study. Nutrients 2022, 14, 4759. https://doi.org/10.3390/nu14224759.

Tan, R.; Merrill, C; Riley, C.F.; Hammer, M.A ; Kenney, R.T.; Riley, A.A; Li, J.; Zink, A.C; Karl, S.T.; Price, KM.; et al. Acute
Inorganic Nitrate Ingestion Does Not Impact Oral Microbial Composition, Cognitive Function, or High-Intensity Exercise Per-
formance in Female Team-Sport Athletes. Eur. J. Appl. Physiol. 2024. https://doi.org/10.1007/s00421-024-05552-w.

Wickham, K.A.; Spriet, L.L. No Longer Beeting around the Bush: A Review of Potential Sex Differences with Dietary Nitrate
Supplementation 1. Appl. Physiol. Nutr. Metab. 2019, 44, 915-924. https://doi.org/10.1139/apnm-2019-0063.



Nutrients 2024, 16, 2764 16 of 16

72.

73.

Tan, R,; Pennell, A.; Karl, S.T.; Cass, ].K.; Go, K,; Clifford, T.; Bailey, S.J.; Perkins Storm, C. Effects of Dietary Nitrate Supple-
mentation on Back Squat and Bench Press Performance: A Systematic Review and Meta-Analysis. Nutrients 2023, 15, 2493.
https://doi.org/10.3390/nu15112493.

Porecelli, S.; Ramaglia, M.; Bellistri, G.; Pavei, G.; Pugliese, L.; Montorsi, M.; Rasica, L.; Marzorati, M. Aerobic Fitness Affects the
Exercise Performance Responses to Nitrate Supplementation. Med. Sci. Sports Exerc. 2015, 47, 1643-1651.
https://doi.org/10.1249/MSS.0000000000000577.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



