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Abstract

Introduction Dietary inorganic nitrate is a popular nutritional supplement, which increases nitric oxide bioavailability and
may improve exercise performance. Despite over a decade of research into the effects of dietary nitrate supplementation
during exercise there is currently no expert consensus on how, when and for whom this compound could be recommended
as an ergogenic aid. Moreover, there is no consensus on the safe administration of dietary nitrate as an ergogenic aid. This
study aimed to address these research gaps.

Methods The modified Delphi technique was used to establish the views of 12 expert panel members on the use of dietary nitrate
as an ergogenic aid. Over three iterative rounds (two via questionnaire and one via videoconferencing), the expert panel members
voted on 222 statements relating to dietary nitrate as an ergogenic aid. Consensus was reached when > 80% of the panel provided
the same answer (i.e. yes or no). Statements for which > 80% of the panel cast a vote of insufficient evidence were categorised
as such and removed from further voting. These statements were subsequently used to identify directions for future research.
Results The 12 panel members contributed to voting in all three rounds. A total of 39 statements (17.6%) reached consensus
across the three rounds (20 yes, 19 no). In round one, 21 statements reached consensus (11 yes, 10 no). In round two, seven
further statements reached consensus (4 yes, 3 no). In round three, an additional 11 statements reached consensus (5 yes, 6
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no). The panel agreed that there was insufficient evidence for 134 (60.4%) of the statements, and were unable to agree on
the outcome of the remaining statements.

Conclusions This study provides information on the current expert consensus on dietary nitrate, which may be of value to
athletes, coaches, practitioners and researchers. The effects of dietary nitrate appear to be diminished in individuals with a
higher aerobic fitness (peak oxygen consumption [VO,., ] > 60 ml/kg/min), and therefore, aerobic fitness should be taken
into account when considering use of dietary nitrate as an ergogenic aid. It is recommended that athletes looking to benefit
from dietary nitrate supplementation should consume 8—16 mmol nitrate acutely or 4-16 mmol/day nitrate chronically
(with the final dose ingested 2—4 h pre-exercise) to maximise ergogenic effects, taking into consideration that, from a safety
perspective, athletes may be best advised to increase their intake of nitrate via vegetables and vegetable juices. Acute nitrate
supplementation up to ~ 16 mmol is believed to be safe, although the safety of chronic nitrate supplementation requires further
investigation. The expert panel agreed that there was insufficient evidence for most of the appraised statements, highlighting
the need for future research in this area.
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Despite over a decade of research into dietary nitrate, there is no expert consensus on how, when and for whom this supplement could be recommended as an ergogenic aid. Neither is there a consensus on the
safe administration of dietary nitrate as an ergogenic aid. This study sought to address these gaps by establishing an expert consensus on dietary nitrate as an ergogenic aid using the modified Delphi technique.
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1 Introduction

Key Points

Inorganic nitrate is a naturally occurring dietary compound
that is mainly found in vegetables and has emerged as a
promising ergogenic aid in recent years [1, 2]. Although
inorganic nitrate itself is relatively inert, metabolic pathways
have been identified in humans that convert this compound

Dietary nitrate is a popular nutritional supplement, yet
there is currently no expert consensus on how, when and
for whom this compound could be recommended as an
ergogenic aid.

This expert consensus provides important information into bioactive nitrite and nitric oxide (NO), which have the
on potential modifiers of the ergogenic effects of dietary potential to elicit a wide range of physiological effects [3, 4].
nitrate, including details about which supplementation strat- Research from several independent groups has shown that
egies are likely to be efficacious, and which populations are both acute and chronic consumption of inorganic nitrate,
likely to benefit from dietary nitrate supplementation. which increases NO bioavailability, can improve perfor-

mance across various time-trial [5-9], time-to-exhaustion
[10, 11], high-intensity intermittent [12, 13] and strength-
based [14, 15] exercise tasks, as well as exercise tolerance
in certain clinical populations [16]. However, dietary nitrate
ingestion does not enhance exercise performance under all

Expert judgements concerning the safety and toxicity of
dietary nitrate consumption are provided, which could
help athletes and coaches weigh up the potential advan-
tages and disadvantages of nitrate supplementation.
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conditions (e.g. [17-22]), and the different effects of nitrate
reported between studies could be related to the nature of the
exercise test/protocol, participant characteristics and supple-
mentation strategy, amongst other factors [23-25]. Identify-
ing the specific situations where dietary nitrate is likely to be
ergogenic is a topic of considerable interest.

Although dietary nitrate is a popular nutritional supple-
ment among athletes [24], the acceptable daily intake (ADI)
for this compound (i.e. the maximum amount that can be
ingested daily over a lifetime without increasing risk of
adverse events) remains at a relatively low 3.7 mg/kg/day
[26], which can easily be exceeded by consumption of a veg-
etable-rich diet or ingestion of high-nitrate supplements, as
is common among athletes [27]. For example, two beetroot
juice shots containing a total of 800 mg of inorganic nitrate
would provide over three times the ADI of 259 mg/day for a
70-kg individual. The ADI restricting dietary nitrate intake
was originally based on observational and animal model
data, which suggested that acute or chronic consumption
of nitrate could increase the risk of methaemoglobinaemia,
whilst chronic nitrate intake could increase risk of cancer
[27, 28]. Methaemoglobinaemia is a rare condition in which
the ferrous iron (Fe?*) in haemoglobin is oxidized into the
ferric (Fe**) state, forming methaemoglobin [29]. This con-
dition is typically caused following ingestion/inhalation of
an oxidizing agent [30], and recent research has suggested
that inorganic nitrate alone does not cause methaemoglo-
binaemia [27]. In addition, the notion that chronic nitrate
intake increases the risk of cancer—an effect which could
be caused by increased formation of potentially carcinogenic
N-nitroso compounds [27]—has been refuted by some [31],
but not all [32, 33], recent studies. Meanwhile, reviews
by both the International Agency for Research on Cancer
(IARC) [34] and the World Health Organisation (WHO)
[35] have concluded that there is insufficient evidence for an
association between nitrate intake and cancer risk. Recently,
it has been suggested that dietary nitrate may elicit certain
beneficial health effects, including reduced cardiovascular
disease risk factors [36-39]. Moreover, a dose-response
relationship has been reported with dietary nitrate, with
moderate-to-high doses eliciting greater ergogenic effects,
and more pronounced effects on parameters such as blood
pressure, compared with lower doses [40]. Further consid-
eration of the dietary nitrate ADI, and its applicability for
individuals taking part in sport and exercise, may therefore
be warranted.

Despite accumulating evidence for the potential ergo-
genic effects of inorganic nitrate under certain circum-
stances, including reviews by independent leaders in the
field [1, 41, 42], there is a lack of expert consensus focus-
ing specifically on how, when and for whom dietary nitrate
could be recommended as an ergogenic aid. Similarly, there
is currently no consensus on the specific situations in which,

and individuals for whom, nitrate may not be efficacious,
yet such knowledge could be valuable to help avoid inef-
fective dietary supplementation with this compound. In
addition, there is no consensus on the safe administration
of dietary nitrate as an ergogenic aid. An expert consensus
statement would be valuable to provide guidelines that may
be used to inform athlete, coach and practitioner decision
making. Additionally, by synthesising the views of experts
from within the field, it is possible to identify key areas of
ambiguity and focus attention on potential target areas for
future research, which can benefit both research and sport-
ing communities.

Consensus from research scientists can be established
via various methodological approaches [43], including the
Delphi technique, which is a scientific approach for gener-
ating a consensus on the current state of knowledge on any
given topic [44]. The Delphi technique has previously been
employed in various areas of sport and exercise science and
specifically in determining best practice for the administra-
tion of different nutritional supplements and ergogenic aids
[45, 46]. The current study aims to use this technique to
derive a consensus on the use of dietary inorganic nitrate
as an ergogenic aid, focusing on seven key areas of interest,
including the following: (1) identifying the specific types of
sport/exercise for which dietary nitrate is ergogenic (Activ-
ity); (2) characterizing the specific populations for whom
dietary nitrate is ergogenic (Population); (3) identifying
which dietary nitrate supplementation strategies are ergo-
genic (Supplementation strategy); (4) elucidating the physio-
logical changes that underpin the ergogenic effects of dietary
nitrate (Physiological effects); (5) clarifying whether dietary
nitrate is safe to consume (Safety and toxicity); (6) apprais-
ing the quality of the evidence for dietary nitrate as an ergo-
genic aid (Quality of available evidence); (7) determining
whether supplementation with dietary inorganic nitrate for
ergogenic purposes is consistent with the ethos of Olympic
sport (Ethos of Olympic sport).

2 Methods
2.1 Overview

This study, which was approved by the Newcastle Uni-
versity Ethics Committee (9226/2020), used the modi-
fied Delphi technique to derive a consensus on the use
of dietary inorganic nitrate as an ergogenic aid. Similar
to previous research [45], the core research team (OMS,
KM and SP) developed a series of statements that focused
on the aforementioned seven key areas relating to the use
of dietary inorganic nitrate as an ergogenic aid (Activ-
ity, Population, Supplementation strategy, Physiological
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effects, Safety and toxicity, Quality of available evidence
and Ethos of Olympic sport). Twelve expert panel members
were then invited to vote on the final 222 statements over
three iterative rounds, between February and July, 2021.
The first two rounds were conducted anonymously, with
each panel member providing votes via a custom-made,
electronic questionnaire. The third round involved face-
to-face discussion via videoconferencing software. This
allowed panel members to discuss specific statements that
lacked consensus, to provide explanations for their voting
and to modify or add a caveat to statements to better reflect
the group’s collective views.

2.2 Panel Selection

To be eligible as a panel member, prospective experts were
required to possess a PhD in sports/exercise/nutrition sci-
ence or a related discipline and fit at least one of the follow-
ing criteria:

e One or more first or senior author publications examining
the ergogenic effect of dietary inorganic nitrate

e One or more first or senior author publications examining
the physiology/metabolism of dietary inorganic nitrate

e An applied practitioner with practical experience using
dietary inorganic nitrate as an ergogenic aid with athletes
or clinical populations

The following procedures were adhered to when select-
ing the expert panel: (1) initially contacting individuals
who were perceived to have the greatest expertise in the
area; (2) recruiting no more than two individuals from
the same institution to minimise skewing the overall con-
sensus towards the views of one specific working group;
(3) recruiting individuals from a number of countries to
reflect international opinion; (4) having a balance between
applied and mechanistic expertise; and (5) ensuring repre-
sentation of both men and women on the panel. The core
research team created a list of potential panel members
and initially contacted 12 of these experts to ensure a final
sample of at least ten panel members, which is consist-
ent with previous research [45] and is deemed to be suf-
ficient to make up a consensus group [47]. Of the first 12
experts initially contacted, one declined on account of a
perceived conflict of interest, so a 13th was subsequently
selected. The final 12 expert panel members all provided
fully informed written consent prior to receiving the initial
questionnaire. The panel does not represent an exhaustive
list of experts in the area, but instead reflects a cross-sec-
tion of significant contributors to the field from scientific
and practitioner perspectives.

2.3 Questionnaire Development

A questionnaire was developed by the core research team
and included 222 statements across the seven key areas relat-
ing to the use of dietary inorganic nitrate as an ergogenic
aid. An initial list of statements was compiled following a
review of the extant literature, with a particular focus on the
findings from recently published review articles (e.g. [1, 2,
48, 49]). The statements were further modified by the core
research team based on their practical experience gained
through dietary nitrate use with athletes and clinical popula-
tions in laboratory and applied settings. Further iterations of
the process allowed the core research team to identify poten-
tial omissions or issues with clarity, until the final list was
agreed upon. As suggested by Hasson et al. [50], pilot test-
ing was conducted to help refine the questionnaire prior to
implementation. Here, an independent, impartial researcher
with expertise in dietary nitrate supplementation provided
feedback on the structure and clarity of the statements, and
the questionnaire was modified accordingly [51].

2.4 Round One

In round one of the data collection, panel members were
provided with a spreadsheet containing the 222 statements
relating to the use of dietary inorganic nitrate as an ergo-
genic aid. Instructions were provided on how to complete
the spreadsheet, and clarification was provided by the core
research team where required. All panel members, including
those from the same research group, were asked to complete
the spreadsheet independently. Panel members were asked to
critically appraise each statement and then vote by selecting
‘yes’, ‘no’, or ‘insufficient evidence’ in a designated vot-
ing column. The insufficient evidence option was provided
for cases where panel members felt that there was insuf-
ficient evidence to conclusively state yes or no, or if they
felt that their own knowledge was insufficient to respond to
the statement. Panel members were asked to complete the
round one spreadsheet and return it to the core research team
within 2 weeks, after which the responses were collated.
In accordance with previous research [45, 47, 52], state-
ments were accepted as having reached consensus when the
same response (i.e. yes or no) was provided by > 80% (ten
or more) of the panel. These statements provide insight into
what is currently known about dietary nitrate as an ergogenic
aid by experts in the field. Statements for which > 80% of the
panel cast a vote of insufficient evidence were categorised as
such and removed from further voting. Panel members were
asked to provide an explanation to clarify why they selected
insufficient evidence, using the following three options: (1) a
lack of evidence available to support a particular statement;
(2) evidence was equivocal; or (3) insufficient knowledge
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to respond to the statement. These statements provided
insight into what is currently unknown about dietary nitrate
as an ergogenic aid by experts in the field and were used to
identify directions for future research. The cut-off at which
consensus was deemed to have been achieved was defined a
priori to minimise bias [44]. Statements that had not reached
consensus or had not been removed from voting due to insuf-
ficient evidence in round one were carried over to round two
for further consideration by the panel (Fig. 1).

2.5 Round Two

In round two of the data collection, panel members were
provided with a summary of the statements that had reached
consensus in round one, together with a new spreadsheet
containing all remaining statements. Next to each statement
on the new spreadsheet, panel members were provided
with information on their own vote from round one and
an anonymous summary of the wider group voting. Panel
members were asked to carefully consider their vote from
the previous round and, reflecting on the wider group vot-
ing, decide whether they wished to support (i.e. cast the
same vote again) or change their response. The same voting
options of yes, no, or insufficient evidence were available
in this round. Panel members were also asked to provide a
brief justification for their response, which could include
a short sentence or appropriate reference. Panel members
were asked to complete and return round two spreadsheets
within 3 weeks, after which the responses were collated.
Statements with > 80% agreement (i.e. ten or more of the
panel) for votes of yes or no were accepted as having reached
consensus. Meanwhile, statements for which > 80% of the
panel cast a vote of insufficient evidence were categorised as
such and removed from further voting. Again, panel mem-
bers were asked to clarify their reasons for selecting this
option. Statements with >75% agreement (i.e. nine of the
panel), but not yet having passed the 80% threshold, were
carried over to round three for further appraisal. All other
statements not reaching this 75% threshold were removed
from additional voting and categorised as having not reached
consensus (Fig. 1). There is no universally accepted thresh-
old for determining consensus or whether to carry over state-
ments to a subsequent round [50]. In this study, the decision
to only carry over statements with >75% agreement to round
three was taken following a group discussion between the
core research team and moderator (an impartial individual
recruited to moderate the discussion in round three, outlined
in more detail below), considering the advantages and dis-
advantages of applying different thresholds for inclusion.
The final decision was based on (1) a practical assessment
of the time needed for 12 experts to discuss those statements
approaching consensus and (2) the assumption that the panel
members were unlikely to reach a consensus in round three

on statements with a lower level of agreement, even with
further discussion [53].

2.6 Round Three

In round three of the data collection, panel members were
invited to attend an~2.5-h videoconference call where the
remaining statements were discussed. Prior to attending the
meeting, panel members were provided with a spreadsheet
summarizing all statements accepted until this point, along-
side those to be discussed in round three. As per round two,
this included information about the individual panel mem-
ber’s previous vote, together with an anonymous summary of
the wider group voting. Panel members were encouraged to
consider each remaining statement prior to the videoconfer-
encing call to facilitate efficient discussion in the final round.
An independent researcher JTG) who had not been involved
in the previous stages of the project was recruited to moder-
ate the discussion, and to ensure that all panel members had
the opportunity to express their opinions. The moderator was
provided with the list of statements prior to the discussion,
together with potential prompts and relevant background
information. They also met with the core research team
for ~30 min prior to the expert panel discussion to clarify
any areas of ambiguity and discuss the practicalities of mod-
erating the group discussion. During the expert discussion,
the moderator presented each statement to the panel and
facilitated debate. Where appropriate, panel members were
able to modify statements or add in a caveat to better reflect
the views of the group. Here, the moderator helped synthe-
sise the views of the panel to refine an existing statement, if
required. Voting was then cast via the group chat function,
with the same voting options available as in previous rounds
(i.e. yes, no, or insufficient evidence). Unlike in rounds one
and two, voting in round three was no longer anonymous.
As per previous rounds, statements with>80% agreement
(i.e. ten or more of the panel) for votes of yes or no were
accepted as having reached consensus. Likewise, statements
for which > 80% of the panel cast a vote of insufficient evi-
dence were categorised as such and removed from further
voting. All other statements were categorised as having not
reached consensus (Fig. 1).

3 Results
3.1 Expert Participation

The final expert panel included 12 members (eight men
and four women; six full professors, three associate profes-
sors/senior lecturers, one lecturer, and two researchers/staff
scientists) from 11 different institutions and five different
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Questionnaire development
222 statements on dietary nitrate
as an ergogenic aid across 7 key areas:

Activity (90)
Population (22)
Supplementation strategy (30)
Physiological effects (40)
Safety and toxicity (26)
Quality of available evidence (8)
Ethos of Olympic sport (6)

!

Round 1 - Statements reaching consensus
(yes/ no)
=21 (11/10)

ionnaire

Development

Quest

Activity = 0 (0/0)
Population = 2 (2/0) —| Statements removed
Supplementation strategy = 3 (3/0) Insufficient evidence = 52
Physiological effects = 1 (1/0)
Safety and toxicity = 5 (0/5)
Quality of available evidence = 5 (5/0)
Ethos of Olympic sport = 5 (0/5)
|

Statements carried over for further appraisal = 149

12)

Round 1
(n

Round 2 - Statements reaching consensus
(yes/ no)
=7 (4/3)

Activity = 0 (0/0) Statements removed
Population = 0 (0/0) —| Insufficient evidence = 75
Supplementation strategy = 3 (2/1) Consensus not reached = 40
Physiological effects = 0 (0/0)
Safety and toxicity = 2 (0/2)
Quality of available evidence = 2 (2/0)
Ethos of Olympic sport = 0 (0/0)

(n=12)

Round 2

Statements carried over for further appraisal = 27

v

Round 3 - Statements reaching consensus
(yes/ no)
=11 (5/6)

N Statements removed
Activity = 0 (0/0) —®| Insufficient evidence = 7

Population = 2 (2/0) -
Supplementation strategy = 4 (2/2) Consensus not reached = 5

Physiological effects = 1 (1/0)
Safety and toxicity = 4 (0/4)
Quality of available evidence = 0 (0/0)
Ethos of Olympic sport = 0 (0/0)

!

Total statements reaching consensus
(yes/ no)
= 39 (20/19)

Round 3
(n=12)

Fig. 1 Flow chart showing statements accepted as having reached consensus in/across each round of the study. Numbers in parentheses for
rounds 1, 2 and 3 reflect the number of statements reaching consensus under the headings of yes/no
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countries (the United Kingdom, United States, Australia,
Norway and Sweden). All 12 panel members completed the
round one and round two questionnaires. Eleven of the 12
panel members attended the videoconference call in round
three, although two of these 11 were obliged to leave the
meeting after discussing five and 19 (of 27) statements,
respectively. To benefit from the expertise of all panel mem-
bers in forming the final consensus statement, the three indi-
viduals not attending the entire meeting were provided with
a full recording of the videoconference call and a summary
of the group voting from round three. They were then asked
to cast their votes, whilst considering arguments and votes
presented by the wider panel during the videoconference
call. The final consensus statement, therefore, reflects the
overall group votes of 12 expert panel members (i.e. 100%
retention).

3.2 Voting Summary

In total, a consensus was reached for 39 (17.6%) of the state-
ments (20 yes, 19 no). The panel also agreed that there was
insufficient evidence for 134 (60.4%) of the statements. The
insufficient evidence option was primarily selected when
panel members felt there was a lack of evidence available
to support a particular statement (82.7% of the time), rather
than when they felt evidence was equivocal (7.6% of the
time) or when they believed they had insufficient knowledge
to respond to the statement (9.7% of the time). A summary
of the voting across the three rounds is displayed in Fig. 2
and is presented in more detail in the Electronic Supplemen-
tary Material.

3.2.1 Round One

In round one, a total of 21 of 222 statements (11 yes, 10 no;
Tables 1 and 2) reached consensus, whilst 52 statements
were removed from further voting due to insufficient evi-
dence. As shown in Fig. 3, this included the following num-
ber of statements reaching consensus for each of the review
sections: Activity =0/90 (0 yes, 0 no), Population =2/22 (2
yes, 0 no), Supplementation strategy =3/30 (3 yes, 0 no),
Physiological effects =1/40 (1 yes, 0 no), Safety and toxic-
ity =5/26 (0 yes, 5 no), Quality of available evidence =5/8
(5 yes, 0 no) and Ethos of Olympic sport=5/6 (0 yes, 5 no).

3.2.2 Round Two

The remaining 149 statements were entered into round two
for reconsideration. A total of seven further statements (4
yes, 3 no; Tables 1 and 2) reached consensus during this
round, whilst an additional 75 statements were removed
from further voting due to insufficient evidence. As shown

2543
250 [l NOT DISCUSSED
CONSENSUS
" 2259 O nNoT REACHED
E 200 O ves
£ 175 O No
] 1 INSUFFICIENT
:t'g' 150 B "Evibence
» 3
e 125
. 1004
38
754
€
> 504
254
ROUND 1 ROUND 2 ROUND 3

Fig.2 A summary of overall voting across each of the three rounds.
Statements are broken down into those for which consensus was not
reached (white), those for which it was reached for yes (light grey)
and no (medium grey), and those for which the panel agreed there
was insufficient evidence (dark grey). For round 3, statements not dis-
cussed are also presented (black)

in Fig. 3, this included the following number of statements
for each of the review sections: Activity =0/52 (0 yes, O
no), Population =0/14 (0 yes, 0 no), Supplementation strat-
egy =3/42 (2 yes, 1 no), Physiological effects =0/36 (0 yes,
0 no), Safety and toxicity =2/21 (0 yes, 2 no), Quality of
available evidence =2/3 (2 yes, 0 no) and Ethos of Olympic
sport=0/1 (0 yes, 0 no).

3.2.3 Round Three

Of the 67 remaining statements after round two, 40 were
removed prior to the start of round three due to a lack of
consistency in group voting (i.e. < 75% agreement). There-
fore, 27 statements were discussed by the panel in round
three. Eleven statements were modified as part of this round
to better reflect the views of the expert panel. This included
adjusting the wording of six statements, and collapsing five
statements (which discussed the safety of inorganic nitrate
for different cohorts) into one unifying statement for all indi-
viduals, which reduced the overall number of statements in
this round to 23. A total of seven statements were removed
from voting due to insufficient evidence, whilst 11 of 23
statements reached consensus during round three (5 yes, 6
no; Tables 1 and 2). As shown in Fig. 3, this included the fol-
lowing number of statements for each of the review sections:
Activity =0/4 (0 yes, 0 no), Population =2/3 (2 yes, 0 no),
Supplementation strategy =4/6 (2 yes, 2 no), Physiological
effects=1/6 (1 yes, 0 no), Safety and toxicity =4/8 (0 yes, 4
no). No statements on the Quality of available evidence or
Ethos of Olympic sport were discussed in this round.
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Table 1 Statements for which a consensus was reached as ‘yes’ (which only occurred under the categories of Population, Supplementation strat-
egy, Physiological effects and Quality of available evidence)

Statement ~ Sub-domain Statement Yes/no Round Modification/caveat
number achieved

Population

46(a) Aerobic fitness Dietary nitrate is ergogenic in individuals Yes 1 -

with a VO, of <45 ml/kg/min—acute
supplementation (i.e. administration of a
single, one-off nitrate supplement)

46(b) Aerobic fitness  Dietary nitrate is ergogenic in individuals Yes 1 -
with a VO, of <45 ml/kg/min—chronic
supplementation (i.e. administration of
nitrate over several days/weeks)

47(b) Aerobic fitness Dietary nitrate is ergogenic in individuals Yes 3 -
with a VO, of 45-60 ml/kg/min —
chronic supplementation (i.e. administra-
tion of nitrate over several days/weeks)

55(b) Health status Dietary nitrate is ergogenic in healthy Yes 3 -
individuals; chronic supplementation (i.e.
administration of nitrate over several days/
weeks)

Supplementation strategy

60(c) Dose Acute supplementation (i.e. administration Yes 3 Statement modified to include TT and TTE
of a single, one-off nitrate supplement) is tests, as supportive evidence comes from
ergogenic for TT and TTE performance in both testing modalities
the following doses: 8—16 mmol (496—

992 mg)

61(b) Dose Chronic supplementation (i.e. administration  Yes 1 -
of nitrate over several days/weeks) is ergo-
genic in the following doses: 4-8 mmol
(248-496 mg)

61(c) Dose Chronic supplementation (i.e. administration Yes 1 -
of nitrate over several days/weeks) is ergo-
genic in the following doses: 8—16 mmol
(496-992 mg)

61(d) Dose Chronic supplementation (i.e. administration Yes 2 -
of nitrate over several days/weeks) is ergo-
genic in the following doses: > 16 mmol
(>992 mg)

68(d) Timing Acute supplementation (i.e. administration Yes 2 -
of a single, one-off nitrate supplement)
is ergogenic when provided 2—4 h pre-
exercise

71(a) Form Dietary nitrate is ergogenic when provided  Yes 3 -
in the following forms: nitrate salts (e.g.
sodium or potassium nitrate)

71(b) Form Dietary nitrate is ergogenic when provided in Yes 1 -
the following forms: beetroot juice

Physiological effects

74(b) VO, Dietary nitrate supplementation reduces VO, Yes 1 -
during steady-state exercise—chronic sup-
plementation (i.e. administration of nitrate
over several days/weeks)

89(b) Microbiota Dietary nitrate supplementation modulates Yes 3 -

the oral microbiota—chronic supplemen-
tation (i.e. administration of nitrate over
several days/weeks)
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Table 1 (continued)

Statement
number

Sub-domain

Statement

Yes/no Round

achieved

Modification/caveat

Quality of available evidence

105

106

107

108

109

110

111

Study design

Control group

Blinding

Sample size

Performance

test

Verification

The ergogenic effects of nitrate have mostly
been established in randomized controlled
trials in a laboratory setting using a within-
subject design

The ergogenic effects of nitrate have mostly
been established in studies with an appro-
priate control group

The ergogenic effects of nitrate have mostly
been established in studies using a double-
blind design (i.e. participants and research-
ers blinded to the experimental condition)

The ergogenic effects of nitrate have mostly
been established in studies with an inap-
propriate/insufficient sample size

The ergogenic effects of nitrate have mostly
been established in studies with a perfor-
mance test partly indicative of the condi-
tions that occur in 'real-world' competitive
sport

The ergogenic effects of nitrate have mostly
been established in studies that partly
verify that the supplement was taken and
induced a biological response (e.g. via
saliva, blood, urine or muscle samples)

Standardisation The ergogenic effects of nitrate have mostly

been established in studies that partly
standardise the design to control for con-
founding variables that may influence the
result (e.g. mouthwash use, habitual diet,
smoking status, pre-trial exercise levels,
sleep, the testing environment)

Yes

Yes

Yes

Yes

Yes

Yes

Yes

For the statement number, fext in parentheses is presented when a question contained sub-statements (e.g. separate statements for acute and
chronic dosing or different forms, doses, timings of nitrate supplements). When discussing chronic supplementation strategies, the dose refers to
the daily intake of inorganic nitrate

TT time trial, TTE time to exhaustion, VO, oxygen consumption, VO, peak VO,

4 Discussion

This study aimed to establish an expert consensus on the
use of dietary inorganic nitrate as an ergogenic aid. Over the
course of three iterative rounds, 12 expert panel members
considered 222 statements across seven distinct areas relat-
ing to this topic. A consensus of yes or no was reached for
39 (17.6%) of the statements, whereas the panellists agreed
that there was insufficient evidence for 134 (60.4%) of the
statements. The findings provide valuable insight into the
potential applications of dietary nitrate as an ergogenic aid,
highlight areas of ambiguity amongst experts in this area
and provide information on potential directions for future
research. In the following section, we begin by discussing
the statements for which a consensus was reached. We then

compare our findings to those of a recent systematic review/
meta-analysis, outline strengths and limitations of our study
and highlight key recommendations for practice and future
research.

4.1 Modulators of the Ergogenic Effects of Dietary
Nitrate

4.1.1 Population

Aerobic fitness level: The expert panel agreed that both
acute and chronic dietary nitrate supplementation is ergo-
genic for individuals with peak oxygen consumption
(VO,pear) <45 ml/kg/min (i.e. low aerobic fitness) and that
chronic dietary nitrate supplementation is ergogenic for
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Fig.3 A summary of votes cast
in each of the seven key areas of
interest in round 1 (A), round 2
(B) and round 3 (C). Statements
are broken down into those

for which consensus was not
reached (white), those it was
reached for yes (light grey) and
no (medium grey), and those
for which the panel agreed there
was insufficient evidence (dark

grey)
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individuals with a VO,., <60 ml/kg/min (i.e. low and mod-
erate aerobic fitness). This expert view is supported by previ-
ous research, which has shown consistent beneficial effects
of dietary nitrate (especially when administered chronically)
in individuals of lower versus higher aerobic fitness levels
[2]. Notably, Porcelli et al. [9] found that 6 days of dietary
nitrate supplementation (5.5 mmol/day) improved 3-km
running performance in individuals with a low (VOypq.¢
28—44 ml/kg/min) and moderate (VOspeax 46-57 ml/kg/min)
aerobic fitness, but not a high (VO,¢, 64-81 ml/kg/min)
aerobic fitness. Similarly, the systematic review and meta-
analysis by Senefeld et al. [2] revealed an overall ergogenic
effect of dietary nitrate among individuals with VO,
values ranging from 40 to 65 ml/kg/min, but not in highly
trained athletes with a VO, > 65 ml/kg/min. Some studies
have suggested that individual responders to dietary nitrate
may exist amongst highly trained athlete populations with
a high aerobic fitness [18, 54], although few studies have
been appropriately designed to identify responders versus
non-responders [55]. As such, further research is needed to
clarify whether some highly trained individuals with a high
aerobic fitness may benefit from dietary nitrate supplemen-
tation and whether responsiveness is a reproducible effect
[56]. Interestingly, evidence from Liddle et al. [57] suggests
substantial within-person variation in salivary and plasma
concentrations of NO biomarkers following dietary nitrate
ingestion. Such variation may be related to fluctuations in
relative abundances and/or quantities of oral bacteria that
are involved in nitrate and/or nitrite reduction. This could
translate into different physiological/ergogenic effects of
dietary nitrate in the same individual on different occasions.
Sex: As highlighted in a recent review by Wickham and
Spriet [49], women are underrepresented in research explor-
ing the ergogenic effects of dietary nitrate supplementation.
This is consistent with the wider pattern of underrepresenta-
tion of women in sport and exercise science research, dis-
cussed in detail elsewhere [58—60] and typically explained
by the need for additional methodological considerations
when carrying out research with female participants (e.g.
controlling for sex hormone concentrations, the use of oral
contraceptives, impaired menstrual function [59, 61] and
nutritional issues such as iron deficiency [62]). Accordingly,
the expert panel agreed that there was insufficient evidence
to state whether dietary nitrate was more/less effective in
men versus women. Interestingly, a small sub-group analysis
in the systematic review and meta-analysis of Senefeld et al.
[2] found that dietary nitrate did not improve performance in
studies containing only women, while Wickham and Spriet
[49] have detailed plausible physiological reasons for how
the ergogenic effects of dietary nitrate could be attenuated in
women. Whilst it is possible that the ergogenic effects of die-
tary nitrate may be less apparent in women, more research is
needed before sex-specific guidelines can be formed.

Age: The expert panel agreed that there was insufficient
evidence to conclusively state whether the effects of dietary
nitrate differ depending upon age. This likely reflects the
ambiguity in the current body of evidence, where dietary
nitrate has been shown to improve exercise performance
in some [16, 63—66] but not all [67-69] studies of older
adults (aged > 60 years). Moreover, many studies have
included participants with co-morbidities, which makes it
difficult to distinguish the effects of age from disease states.
Interestingly, Coggan et al. [70] reported similar effects
of dietary nitrate on muscle power across a range of ages
(22-79 years). However, further research contrasting the
effects of dietary nitrate between younger and older adults,
and between age-matched healthy and clinical populations,
would provide valuable insight into the potential differences
in responses to dietary nitrate between these sub-groups.

Health status: The expert panel agreed that chronic
dietary nitrate supplementation was ergogenic in healthy
individuals, but did not reach consensus for acute supple-
mentation being ergogenic in this population. The expert
panel also felt that there was insufficient evidence, or were
unable to reach consensus, for acute or chronic dietary
nitrate supplementation being ergogenic in clinical popula-
tions, which is consistent with the mixed findings reported
in the current literature for these cohorts (for a review, see
[71]). It is important to highlight that only 58% of the expert
panel reported having experience of using dietary nitrate
with clinical populations, compared with 100% of the panel
having experience with healthy or sporting populations. It
is therefore possible that some of our panel may not have
the necessary expertise to determine whether dietary nitrate
is/is not ergogenic in clinical cohorts. Moreover, the panel
were presented with relatively few statements relating to the
effects of dietary nitrate in clinical populations, compared
with the substantial detail used with the sporting catego-
ries, and broad definitions were used to categorise clinical
populations (e.g. those with cardiovascular, pulmonary and
metabolic disease). It is possible that the conclusions may
have differed if we had presented the panel with more granu-
lar statements relating to individual conditions (e.g. heart
failure with preserved ejection fraction vs. heart failure with
reduced ejection fraction or peripheral artery disease), which
have distinct clinical features, rather than disease types (e.g.
cardiovascular disease). Nevertheless, as there was some
expertise of using dietary nitrate with clinical populations
amongst our panel, and in the interest of presenting a com-
prehensive view, we decided to include a number of state-
ments relating to the potential ergogenic effects of nitrate
depending upon health status. For a comprehensive review
of the effects of nitrate in clinical populations, the interested
reader is directed to the paper by Woessner et al. [72].
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4.1.2 Supplementation Strategy

Dose: Convincing evidence for the dose-dependent effects
of dietary nitrate in healthy, young volunteers has been
provided by Wylie et al. [40, 73]. Similarly, in the sys-
tematic review and meta-analysis by Senefeld et al. [2],
dietary nitrate was suggested to be ergogenic for moder-
ate to high dosages (5.1-28.7 mmol/day), but not for low
dosages (1.6-5.0 mmol/day). The expert panel agreed that
acute supplementation with a nitrate dose of between 8
and 16 mmol and chronic supplementation with dosages
of 4 to> 16 mmol/day are ergogenic. However, the con-
sensus was that acute supplementation with a nitrate dos-
age <4 mmol/day is not ergogenic, which may indicate that
this very low dosage is too small to appreciably alter NO
bioavailability and impact downstream physiological func-
tion. It is noteworthy that the dosage of nitrate believed to be
ergogenic will, in many cases, exceed the ADI of 3.7 mg/kg/
day, and that many studies exploring the ergogenic effects of
nitrate are also likely to have provided doses that surpass this
threshold [2]. For example, a 70-kg individual would exceed
their ADI of 259 mg/day nitrate by consuming just 4.2 mmol
(~260 mg) of this compound. Moreover, many lighter indi-
viduals would be unable to consume enough nitrate to elicit
an ergogenic effect (e.g. a minimum of 4 mmol, the amount
deemed necessary for chronic nitrate supplementation to be
ergogenic) without exceeding their ADI. Further discussion
on the nitrate ADI is provided in the section on “Safety and
Toxicity”.

Acute versus chronic loading: A consensus was not
reached for whether chronic dietary nitrate supplementation
is more likely to elicit ergogenic effects than acute supple-
mentation, which may be related to both the ambiguity in
available evidence and lack of studies directly comparing
acute and chronic nitrate supplementation strategies. An
early study by Vanhatalo et al. [11] reported a reduction in
VO, following both acute (2.5 h) and chronic (5 days and
15 days) dietary nitrate supplementation—an effect which
might be expected to translate into improvements in exercise
performance. Interestingly, 15 days of nitrate supplemen-
tation also increased ramp test peak power and the work
rate at the gas exchange threshold. However, these effects
were not apparent after shorter (2 h or 5 days) supplementa-
tion regimens. In contrast, Boorsma et al. [74] observed no
effects of either acute (1 day) or chronic (8 days) dietary
nitrate supplementation on submaximal VO, or 1500-m run-
ning performance in elite distance runners. The difference
in findings may be related to the high aerobic fitness of the
participants in the study by Boorsma et al. [74], who had a
mean VO, of 80 ml/kg/min.

Timing: The expert panel agreed that acute dietary nitrate
ingestion should occur 2—4 h before a performance test to
elicit an ergogenic effect, and that consumption of dietary

nitrate closer to (i.e. <90 min) or further from (i.e. 68 h) the
test is not ergogenic. As demonstrated by Wylie et al. [40],
peak plasma nitrite concentration occurs ~2-3 h after dietary
nitrate ingestion (which is~ 1-2 h after peak plasma nitrate
concentration, due to the requisite time for oral conversion
of nitrate into nitrite). Conducting exercise during this time
interval may maximise the chance of an ergogenic effect by
ensuring the greatest circulating availability of substrates for
NO production during exercise.

Form: The expert panel agreed that dietary nitrate is ergo-
genic when provided in the form of either beetroot juice
(which has been used in the vast majority of studies) or
nitrate salts (see [2]). In contrast, the expert panel felt that
there was insufficient evidence for an ergogenic effect of
dietary nitrate in the form of sport drinks, chewing gum,
or gels, and a consensus was not reached for whether veg-
etables containing nitrate were ergogenic. The expert panel
acknowledged that there was no reason why these sources of
dietary nitrate could not be ergogenic, provided they contain
a sufficient dose of nitrate. High doses of dietary nitrate can
be achieved through the habitual diet [27, 75]. For example,
the Dietary Approaches to Stop Hypertension (DASH) diet
can contain up to~20 mmol/day of nitrate [27]. However,
this might not be practical for some athletes (e.g. due to
food availability, dietary preferences or the perception that
high intake of nitrate-rich foods such as vegetables pre-
competition may cause gastrointestinal upset). Therefore,
the use of specific high-nitrate supplements may be of value
for athletes wishing to benefit from intake of this compound.

4.2 Physiological Effects of Nitrate

Understanding the physiological effects that might under-
pin dietary nitrate-induced improvements in exercise per-
formance has been of considerable interest in the literature.
In the current study, it was agreed that chronic dietary
nitrate supplementation reduces oxygen consumption dur-
ing steady-state exercise. This effect, which was first estab-
lished by Larsen and colleagues [76], has subsequently been
confirmed by a number of independent research groups (for
areview, see [77]), and has recently been verified via direct
measurement of skeletal muscle oxygen uptake during exer-
cise [78]. Interestingly, the expert panel were also in agree-
ment that chronic dietary nitrate supplementation modulates
the oral microbiota, an effect that has only recently been
established. For example, Vanhatalo et al. [79] sequenced
bacterial 16S rRNA genes after 10 days of supplementa-
tion with inorganic nitrate or a placebo and reported greater
relative abundances of the genera Rothia and Neisseria
and lower relative abundances of the genera Prevotella and
Veillonella after nitrate versus placebo supplementation.
Although these changes in the oral microbiome composition
occurred alongside marked increases in NO biomarkers, it is
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important to note that the net oral nitrite production is influ-
enced by a complex interplay between various nitrate- and
nitrite-reducing microorganisms in the oral cavity. The influ-
ence of chronic dietary nitrate consumption on nitrate-reduc-
tion capacity of the oral microbial community in response to
acute nitrate ingestion, and the impact of potential changes in
relation to health and exercise performance, requires further
exploration [71]. One recent study has shown positive asso-
ciations between oral nitrate-reducing capacity and markers
of aerobic fitness [80]. Regarding other physiological effects
of nitrate (e.g. changes in mitochondrial efficiency, muscle
calcium handling, microvascular blood flow, cognitive func-
tion), the expert panel agreed that there was either insuffi-
cient evidence or were unable to reach agreement.

4.3 Safety and Toxicity

The expert panel agreed that acute dietary nitrate sup-
plementation in dosages up to~ 16 mmol/day does not
increase risk of cancer, methaemoglobinaemia, hypo-
tension or renal injury. Similarly, they agreed that
chronic dietary nitrate supplementation in dosages up
to ~ 16 mmol/day does not increase risk of methaemoglo-
binaemia or hypotension. However, given that few stud-
ies have explored the long-term health (or other) effects
of nitrate, additional well-controlled longitudinal studies
are required to support these views [71]. A consensus was
not reached for whether chronic supplementation increases
risk of cancer or renal injury, the former of which has
been a subject of much debate in the extant literature [71].
As mentioned previously, dietary nitrate can be reduced
into nitrite by bacteria in the oral cavity and when this
nitrite is swallowed, a portion passes into the systemic
circulation. However, the nitrite can also be acidified in
the stomach to produce nitrous acid, which can poten-
tially lead to the nitrosation of amines, forming carcino-
genic N-nitrosamines [36]. Whether this translates into
an increased risk of cancer is currently unclear, as was
reflected in the panel’s conclusion. For example, a system-
atic review of observational studies suggests that nitrate
does not increase site-specific cancer risk and may actually
decrease the risk of gastric cancer [31]. Moreover, animal
model studies have typically failed to show an increased
risk of cancer with elevated nitrate intake [34]. By con-
trast, other observational studies have refuted these claims,
reporting an increased risk of cancer with nitrate intake
(e.g. [32, 33]). Based around an appraisal of the available
evidence in 2010, IARC [34] concluded that there was
‘inadequate evidence in humans for the carcinogenicity
of [dietary] nitrate’ whilst a 2016 review by WHO [35]
concluded that ‘the weight of evidence does not clearly
support an association between cancer and exposure to
nitrate or nitrite per se’. Nevertheless, further research,

especially longer-term randomized controlled trials in
humans, is clearly required before firm conclusions can
be drawn. From a holistic dietary perspective, the pres-
ence of antioxidants such as vitamin C and polyphenols in
fruits and vegetables has been shown to prevent N-nitros-
amine formation, which could mitigate risk of cancer
with dietary nitrate consumed in these foods [81, 82]. In
contrast, when nitrate/nitrite is consumed via processed
meats (where these compounds are added as preserva-
tives), there may be an increased chance of generating
potentially carcinogenic N-nitrosamines if not consumed
alongside sufficient vitamin C or other antioxidants [27,
83]. Therefore, those wishing to benefit from the potential
ergogenic effects of dietary nitrate may be best advised to
do so by consuming vegetable-derived nitrate supplements
(e.g. beetroot juice), which were viewed as ergogenic by
the expert panel and contain a range of antioxidants that
may attenuate N-nitrosamine formation. Indeed, the expert
panel agreed that there was no evidence for harmful effects
of dietary nitrate when consumed via nitrate-rich foods
and juices such as vegetables, salads and concentrated or
non-concentrated beetroot juice. By contrast, they did not
reach a consensus on potential adverse effects of nitrate
salts, gels, drinks or gum.

The expert panel agreed that the nitrate ADI of 3.7 mg/
kg/day is not appropriate based on current evidence. This is
consistent with other reports in the literature calling for a
revaluation of the nitrate ADI [27]. To help with the refor-
mulation of these guidelines, long-duration, large-scale
clinical trials in humans may be necessary to determine
whether an upper limit to nitrate intake is required and, if so,
what it should be and whether it depends upon the dietary
nitrate source (e.g. drinking water vs. processed meats vs.
vegetables).

When considering the potential health effects of nitrate
under different environmental conditions, the expert panel
agreed that both acute and chronic dietary nitrate does not
increase risk of heat illness (e.g. hyperthermia) during exer-
cise in the heat (> 30 °C). This is consistent with the findings
from a series of studies by Kent et al. [84, 85], who showed
no difference in core or skin temperature between dietary
nitrate- and placebo-supplemented individuals exercising
in the heat.

The expert panel were asked to comment on whether
adverse health effects of dietary nitrate supplementation
have been reported in specific populations. Following dis-
cussion in round three, two modifications were made to the
original statements. Initially, ‘adverse events’ was modified
to ‘serious adverse events’ to clarify that dietary nitrate sup-
plementation has not been shown to lead to major negative
health effects (e.g. death, hospitalisation, disability or inca-
pacitation). Subsequently, it was agreed that serious adverse
events have not been reported in any population following
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dietary nitrate supplementation, and the statement was con-
sequently modified to encompass all individuals. Following
these modifications, the expert panel agreed that serious
adverse health effects of dietary nitrate supplementation
have not been reported in any population.

4.4 Ethos of Olympic Sport

Expert panel members were asked to consider whether die-
tary nitrate supplementation was consistent with the ethos
of Olympic sport. Statements in this section were based on
a previous Delphi study exploring the ergogenic effects of
menthol [45], and were informed by the World Anti-Doping
Agency (WADA) code [86]. Questions included (1) potential
health risks of dietary nitrate supplementation; (2) whether
supplementation is consistent with the spirit of the sport;
and (3) whether supplementation confers an unfair advan-
tage. A consensus was reached that acute dietary nitrate sup-
plementation does not present an actual or potential health
risk, whilst the panel were unable to reach consensus on
whether chronic nitrate supplementation presents an actual
or potential health risk. The expert panel agreed that both
acute and chronic dietary nitrate supplementation does
not violate the spirit of sport, nor does it provide an unfair
advantage to those using it. Consistent with other legal nutri-
tional ergogenic aids (e.g. caffeine, carbohydrate, creatine),
dietary nitrate is found in a range of natural foods and is
therefore widely available to individuals wishing to consume
it. Importantly, this also means that it would be challenging
to prohibit dietary nitrate consumption, unless high thresh-
olds were imposed above and beyond typical intake levels.

4.5 Quality of the Available Evidence

The expert panel identified that the quality of currently
available evidence may be sub-optimal in several areas. For
example, they agreed that most studies have used a perfor-
mance test that is only partly indicative of the conditions that
occur in real-world competitive sport. Indeed, most stud-
ies to date have included time-trial or time-to-exhaustion
tests on a cycle ergometer or treadmill [2], which provide
valuable insight into the effects of nitrate on exercise per-
formance but may not mimic all of the technical, tactical
and physiological demands placed on athletes during some
types of competition [87]. Similarly, the expert panel agreed
that most studies have an insufficient sample size and are
likely to be underpowered. Moreover, most studies have
only partly verified the nitrate content of the administered
supplement, and the resulting biological response (e.g. via
the collection of biological samples), and have only partly
controlled for confounding variables that might influence
the experimental results (e.g. mouthwash use, habitual diet,
smoking status, pre-trial exercise levels, sleep, the testing

environment). However, the expert panel identified that most
studies were double-blind, randomized, controlled trials
using a within-subject design, which should be considered
a relative strength.

4.6 Comparison with Recent Systematic Reviews
and Meta-Analyses

Several high-quality systematic reviews and meta-analyses
(e.g. [2, 88, 89]) have explored the ergogenic effects of
dietary nitrate, the most recent of which was published by
Senefeld et al. [2]. The findings from the current study did
not always align with those of Senefeld et al. [2], and below,
we highlight possible explanations for these discrepancies.
We also discuss key strengths and weaknesses of systematic
reviews/meta-analyses and the modified Delphi technique to
help guide the interpretation of our findings.

Systematic reviews and meta-analyses are generally
considered to be situated at the top of the hierarchy of
evidence, and follow well-defined procedures to iden-
tify, appraise and synthesise the extant literature [90].
Strengths include the explicit, transparent methodology
(which ensures reproducibility), the thorough search for
evidence, the criterion-based selection of eligible stud-
ies, and the quantitative synthesis of research findings to
provide a pooled estimate of overall effects [91]. However,
systematic reviews are often limited by their narrow focus
and adherence to rigid methods, which do not always allow
for comprehensive coverage of the available evidence [91].
In contrast, the Delphi method has the benefit of being
able to address a much broader set of questions (for exam-
ple, we considered factors such as the safety and toxicity
of nitrate and whether its use is consistent with the ethos
of Olympic sport—areas not addressed in recent reviews
[2, 88, 89]). In addition, systematic reviews are restricted
by the limitations of the original studies, which serve as
their raw ingredients [92]. In particular, the external valid-
ity/generalizability of findings from systematic reviews is
determined by the external validity of the included studies,
which may not always be optimal [92]. For example, stud-
ies exploring the effects of nitrate as an ergogenic aid have
done so with tightly controlled participant groups (which
may be narrow and not representative of all exercising
individuals), specific exercise activities and supplementa-
tion protocols and data are typically derived from one-off
tests [2]. This information may not translate particularly
well to real-world scenarios that are typically character-
ized by a unique set of many moving parts. In contrast,
with the Delphi technique, panel members can draw upon
scientific evidence and practical experience gained from
working with athletes and patients to inform their decision
making. Whilst it is important to acknowledge the greater
subjectivity inherent in this approach [44], it means that
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more nuanced interpretations can be made by drawing
upon evidence from a variety of sources. Judgements may
therefore be more ecologically valid and have greater util-
ity for informing practice than an evaluation of effect sizes
from published literature.

A particular discrepancy between the findings from Sen-
efeld et al. [2] and this study, which demonstrates how these
two methods may lead to different conclusions, was that,
with their quantitative synthesis of the available literature,
Senefeld et al. [2] demonstrated that dietary nitrate improves
performance across a range of exercise modalities (including
cycling, running and handgrip exercise, but not rowing or
knee-extension exercise) and durations (especially events
lasting < 1000 s or ~ 17 min). In contrast, our expert panel
did not feel there was sufficient evidence to conclusively
state that dietary nitrate is (or is not) ergogenic for any of
the specified sporting/exercise situations. Our panel noted
during the round three discussions that the ergogenic effects
(or lack thereof) of dietary nitrate during any given activ-
ity could vary considerably depending upon the interaction
between different methodological factors (see the section on
‘Modulators of the Ergogenic Effects of Dietary Nitrate’).
Since the complete set of methodological permutations
have not been fully elucidated, the expert panel felt unable
to make a general statement about the ergogenic effects of
dietary nitrate during specific activities based on the current
evidence.

Ultimately, it is our view that systematic reviews/meta-
analyses and the modified Delphi technique provide comple-
mentary information, one relying on a quantitative synthesis
of scientific evidence, the other informed by expert judge-
ment based around scientific and practical experience, which
together provide valuable insight to help inform research and
practice. Although we have highlighted some discrepancies
in the findings from these two approaches, there is broad
agreement on a number of key points (e.g. around optimal
supplementation protocols and participant groups likely to
benefit from nitrate), which provides confidence in the valid-
ity of these conclusions.

4.7 Strengths and Limitations

A strength of this study is that our panel was composed of
extensively published and cited research leaders and highly
experienced practitioners, who are collectively responsible
for many of the major developments in the area of dietary
nitrate as an ergogenic aid. These individuals possessed a
high level of knowledge, and direct research experience, of
the majority of areas discussed. While this approach has
some drawbacks, notably that some panel members may not
have had sufficient knowledge to be able to respond to some
specific statements, our data suggest that the panel members

felt they had sufficient knowledge to contribute towards the
appraisal of most statements. A further strength is that we
recruited 12 individuals to serve as panel members, despite
five to ten individuals typically being considered sufficient
to form a consensus group [45, 47]. A third strength of this
study is the diversity in our panel, which ensured a range
of potentially different views. However, readers should be
aware that results from the present study reflect the view
of significant contributors to the field from a scientific and
practitioner perspective, and may not necessarily be repre-
sentative of the views of all researchers/practitioners in the
field.

4.8 Recommendations for Practice and Research

A summary of key practical recommendations from the cur-
rent expert consensus are provided below.

Population

e Aerobic fitness should be considered when determining
the potential ergogenic effects of dietary nitrate supple-
mentation. Specifically, the current expert consensus is
that acute and chronic nitrate supplementation is ergo-
genic for individuals with a VO, <45 ml/kg/min (low
aerobic fitness), whilst chronic nitrate supplementation is
ergogenic for individuals with a VO, ., <60 ml/kg/min
(low and moderate aerobic fitness). The effects of nitrate
appear to be diminished in highly trained individuals
with a high aerobic fitness (e.g. Oy, > 60 ml/kg/min).

Supplementation strategy

e Athletes aiming to benefit from the ergogenic effects of
nitrate may be advised to consume 8—16 mmol (e.g. 2—4
beetroot juice shots, depending upon supplement content)
of dietary nitrate acutely or 4-16 mmol/day (e.g. 1-4
beetroot juice shots, depending upon supplement content)
chronically (i.e. over several days or weeks).

e Dietary nitrate should be consumed 2—4 h before exercise
to maximise the ergogenic response. Outside of this time
interval the supplement may not be ergogenic.

e Current evidence suggests that dietary nitrate is ergo-
genic when consumed in the form of beetroot juice or
nitrate salts. Other vehicles for nitrate delivery (e.g.
whole vegetables) are likely to be ergogenic, provid-
ing they contain a sufficient nitrate dose. However, to
maximise safety and performance, athletes may be best
advised to consume nitrate in the form of beetroot juice
or other vegetable-derived products (providing they con-
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tain sufficient nitrate alongside antioxidants) rather than
via nitrate salts such as sodium or potassium nitrate.

Physiological effects

e Chronic dietary nitrate supplementation can reduce
the oxygen cost of exercise, which may benefit athletes
within a variety of sporting situations (e.g. prolonged
endurance exercise, invasion games, combat sports.).

e Chronic dietary nitrate supplementation modulates the
oral microbiota, the specific impact of which remains
to be fully elucidated, but could have implications for
health, as well as exercise performance.

Safety and toxicity

e The current expert consensus suggests that acute dietary
nitrate supplementation in dosages up to~ 16 mmol/day
is likely to be safe and does not increase the risk of can-
cer, methaemoglobinaemia, hypotension or renal injury.
Additional research is required to understand the health
effects of chronic dietary nitrate consumption over pro-
longed periods (e.g. several months/years).

e Vegetables or vegetable juices may be the safest vehicle
for consuming dietary nitrate, as they are rich in poly-
phenols and antioxidants, which can minimise the likeli-
hood of forming potentially harmful N-nitrosamines, and
there is no evidence for harmful effects following their
consumption in dosages up to~ 16 mmol/day.

e Dietary nitrate is unlikely to have adverse health effects
in the heat, although further research is needed to under-
stand the potential effects in other extreme environments
(e.g. at altitude or in cold conditions).

Ethos of Olympic sport

e Consumption of dietary nitrate does not confer an unfair
advantage and does not violate the spirit of sport.

4.9 Future Research

Future research should aim to overcome key limitations
present in the current body of evidence, including appropri-
ate consideration for sample sizes, the translation of labo-
ratory test results to real-world settings/conditions, lack of
representation of female and older participants, and lack of
independent verification of the nitrate content of adminis-
tered supplements. Moreover, given that the expert panel
often highlighted insufficient evidence to conclusively state
whether dietary nitrate is/is not ergogenic for specific con-
ditions, additional studies investigating the following are
warranted:

e The performance effects of dietary nitrate in a range of
scenarios that investigate ecologically valid sporting
environments, including the following: events (e.g. dif-
ferent modes, intensities, durations); participants (e.g.
different sexes, ages, fitness levels, physical disabilities);
environmental conditions (e.g. heat, cold, altitude); dos-
ing protocols (e.g. acute vs. chronic intake, intake dur-
ing prolonged events); and special circumstances (e.g.
repeated use in multi-events, co-ingestion with other
supplements). Whilst it is acknowledged that these
approaches may limit experimental control (i.e. introduce
‘noise’), they are likely to provide complementary insight
into the ergogenic effects of dietary nitrate alongside the
findings from well-controlled studies employing time-to-
exhaustion or laboratory-based time-trial tests.

e Potential responders and non-responders to nitrate, and
the consistency of the response within individuals. Future
studies adopting repeated randomized crossover designs
could be used to help identify consistent responders/non-
responders [56, 93].

e The acceptability, pharmacokinetics and physiologi-
cal/performance effects of other dietary nitrate sources
besides beetroot juice (e.g. nitrate gels, chewing gum,
vegetables).

e The impact of dietary nitrate on risk of altitude and cold-
induced illnesses, which is not anticipated based around
current knowledge, but may warrant direct exploration.

e The longer-term safety and toxicity of dietary nitrate,
to rule out any potential adverse effects of chronically
consuming this compound over several months/years.

4.10 Conclusions

This study set out to produce an expert consensus on the
use of dietary inorganic nitrate as an ergogenic aid using the
modified Delphi technique, the findings from which could
be of value to athletes, coaches, researchers and practition-
ers. Overall, a consensus was reached for 39 (20 yes, 19 no)
out of 222 statements relating to the use of dietary nitrate
as an ergogenic aid. The findings indicate that the effects
of dietary nitrate appear to be diminished in individuals
with a higher aerobic fitness (VOye, > 60 ml/kg/min), and
therefore aerobic fitness should be taken into account when
considering use of dietary nitrate as an ergogenic aid. It is
recommended that athletes looking to benefit from dietary
nitrate supplementation should consume 8—16 mmol nitrate
acutely or 4-16 mmol/day nitrate chronically (with the final
dose ingested 2—4 h pre-exercise) to maximise ergogenic
effects, taking into consideration that, from a safety perspec-
tive, athletes may be best advised to increase their intake
of nitrate via vegetables and vegetable juices. In addition,
expert judgements concerning the safety and toxicity of
dietary nitrate consumption are provided (specifically, that
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acute supplementation with ~ 16 mmol is likely to be safe,
although further investigation into the safety of chronic sup-
plementation is warranted), which could help athletes and
coaches weigh up the potential advantages and disadvan-
tages of nitrate supplementation. In addition, > 80% of the
panel agreed that there was insufficient evidence to draw
firm (yes/no) conclusions about the majority (134, 60.4%)
of the appraised statements. This indicates a clear need for
further research across many areas relating to the use of
dietary nitrate as an ergogenic aid, the specifics of which
have been highlighted in this paper.
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