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ABSTRACT
This randomized controlled crossover trial compared the short-term effects of creatine (CR) and 
beetroot juice (BJ) on resistance training performance and physiological responses across ~72 h 
supplementation period. Eleven novice resistance-trained men completed bench press (BP) and 
back squat (BS) sets at 60–80% 1RM under CR, BJ, and placebo (PLA) conditions. Performance 
outcomes, intramuscular-oxygen-saturation (SmO2), peak heart rate (HR), and heart rate variability 
(HRV) were assessed. Individual modulation prevalence was also determined. CR significantly 
improved repetition performance at 80% 1RM in BP (d = 1.33) compared to PLA. Both CR and BJ 
produced moderate-to-very large effects on velocity with superior effect using BJ (d = 1.40–2.82 
vs. PLA). Higher SmO2 (d = 1.74–2.9), lower peak HR (d = 0.83–2.74), and more favourable 
autonomic recovery (e.g. RMSSD: d = 0.91–2.99) were observed with BJ compared to both PLA 
and CR. Modulation analysis indicated greater proportions of meaningful individual adaptations, 
following BJ compared to CR. Overall, CR appeared to preferentially enhance mechanical 
performance, whereas BJ seemed to provide broader cardiometabolic and autonomic benefits.

Introduction

Resistance training (RT) is a central component of 
athletic preparation and general health promotion, 
leading to improvements in maximal strength, power, 
and muscular endurance, as well as favourable adap-
tations in bone mass, metabolic health, and cardio-
vascular and neuromuscular functions (Hagerman 
et al. 2000; Strasser and Schobersberger 2011; Martinez 
et  al. 2021). To sustain long-term adaptations, training 

programs typically apply progressive overload by sys-
tematically increasing mechanical load, volume, or 
neuromuscular demand across sessions (Seguin and 
Nelson 2003). However, as training intensity and 
cumulative stress increase, athletes and physically 
active individuals are exposed to substantial metabolic, 
neuromuscular and cardiovascular strain, which can 
transiently impair performance and compromise 
recovery if not adequately managed (Buchheit et  al. 
2007; 2010;  Gobbo et al. 2024). This has led athletes 
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and practitioners to adopt nutritional ergogenic aids 
to sustain resistance exercise performance during 
demanding training periods and to enhance 
post-exercise recovery. Among these, creatine (CR) 
and beetroot juice (BJ) are two of the most extensively 
studied supplements, yet they act through distinct 
physiological mechanisms.

CR is considered particularly effective in 
high-intensity, short-duration exercise, especially RT, 
due to its role in augmenting phosphocreatine (PCr) 
stores, which serve as an immediate substrate for ATP 
resynthesis via the creatine kinase reaction during 
brief, intense muscular contractions (Francaux et  al. 
2000; Kreider et  al. 2017). Numerous trials have 
shown that CR can improve maximal strength, repe-
tition volume, and power output in multi-joint RT 
exercises such as bench press and squat (Earnest et  al. 
1995; Rossiter et  al. 1996; Volek et  al. 1997; Rawson 
and Volek 2003). CR may also modulate recovery by 
attenuating metabolic acidosis, reducing blood lactate 
accumulation, and influencing inflammatory responses 
and muscle soreness after strenuous exercise (Santos 
et  al. 2004; Sahlin 2014; Candow et  al. 2019). Despite 
extensive research on chronic CR supplementation, 
fewer studies have examined short-term CR protocols 
using an integrated approach combining performance, 
autonomic, and oxygenation measures (Kreider et  al. 
2017; Candow et  al. 2019; Ribeiro et  al. 2021).

In parallel, BJ is a rich source of inorganic nitrate 
(NO3

-), which is sequentially reduced to nitrite (NO2
-) 

and nitric oxide (NO) via the nitrate–nitrite–NO path-
way, thereby increasing NO bioavailability (Lundberg 
et  al. 2008; Bailey et  al. 2009; Domínguez et  al. 2017; 
Mueller et  al. 2024). NO promotes vasodilation and 
endothelial function, resulting in enhanced blood flow, 
oxygen delivery, and mitochondrial efficiency, while 
reducing the oxygen cost of muscle contractions 
(Bailey et  al. 2010; Ferguson et  al. 2013; Fulford et  al. 
2013; Gao et  al. 2021; Olas 2024). Beyond nitrate, 
beetroot contains betalains and other bioactive com-
pounds with antioxidant and anti-inflammatory prop-
erties, which may contribute to attenuating 
exercise-induced muscle damage, oxidative stress, and 
delayed recovery (Chen et  al. 2021; Daab et  al. 2021; 
Varshney and Mishra 2022; Martinez et  al. 2024). 
Recent meta-analyses have reported that repeated BJ 
supplementation may reduce post-exercise soreness, 
improve recovery kinetics, and preserve neuromuscu-
lar function following strenuous training (Jones et  al. 
2022; Rojano-Ortega et  al. 2022). In the RT context, 
several acute studies have indicated improvements in 
repetition volume, peak power, and movement velocity 
during bench press and squat exercises (Mosher et  al. 

2016; Ranchal-Sánchez et  al. 2020; Williams et  al. 
2020; Rodríguez-Fernández et  al. 2021; Tan et  al. 
2023). These outcomes have been mechanistically 
linked to enhanced oxygen utilisation, improved con-
tractile efficiency, and support of type II muscle fibre 
function (Bailey et  al. 2010; Flanagan et  al. 2016; 
Garnacho-Castaño et  al. 2022; Ferguson et  al. 2013). 
However, most existing RT studies have mainly exam-
ined single acute BJ doses, whereas evidence on 
short-term (multi-day) supplementation protocols that 
reflect practical use during intensive training micro-
cycles remains limited (Domínguez et  al. 2017; 
Głowacz et  al. 2025). Additionally, although BJ-related 
improvements in repetition performance and fatigue 
resistance have been reported, studies integrating 
internal physiological markers—such as heart rate 
variability (HRV), reflecting autonomic modulation 
and recovery status (Buchheit et  al. 2007; Dong 2016; 
Lechner et  al. 2023; Ammar et  al. 2024b), and 
near-infrared spectroscopy (NIRS)-derived muscle 
oxygen saturation (SmO2), reflecting local oxygen 
extraction and microvascular adjustments 
Garnacho-Castaño et  al. 2022; Fulford et  al. 2013)—to 
assess autonomic recovery and local muscle oxygen-
ation remain scarce (Jurado-Castro et  al. 2022; Salem 
et  al. 2025b).

Recent work from our group indicated that acute 
ingestion of BJ and CR may elicit distinct cardiovas-
cular and oxygenation responses during RT (Salem 
et  al. 2025a). In separate short-term supplementation 
protocols, BJ enhanced high-load repetition perfor-
mance, SmO2, and neuromuscular recovery (Salem 
et  al. 2025b), while CR mainly improved buffering 
and metabolic efficiency (Salem et  al. 2025c).

Beyond group mean responses, athletes often display 
heterogeneous physiological and performance adapta-
tions to supplementation, reflecting variability in met-
abolic flexibility, autonomic responsiveness, oxygenation 
kinetics, and neuromuscular fatigue-resistance profiles 
(Hecksteden et  al. 2015). Such interindividual variation 
is particularly relevant in resistance training, where 
movement characteristics, muscle activation strategies, 
and physiological responses exhibit marked individual 
specificity (Ammar et al. 2024a, 2024b, 2025). Therefore, 
in addition to analysing average effects, it is valuable 
to determine whether supplementation meaningfully 
modulates individual physiological responses beyond 
natural variability thresholds. Examining modulation 
prevalence (i.e. the proportion of individuals showing 
positive, neutral, or negative changes relative to pla-
cebo) can provide deeper insight into supplement 
responsiveness, practical applicability, and ecological 
effectiveness.
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Despite this evidence, direct comparisons of the 
short-term effects of BJ and CR within the same par-
ticipants and using an integrated physiological and 
performance framework remain limited in 
resistance-training contexts. Existing comparisons are 
limited to acute single-session protocols (Salem et  al. 
2025a) or examine each supplement separately versus 
placebo (Tomcik et  al. 2018; Jurado-Castro et  al. 2022; 
Negro et  al. 2022; Tan et  al. 2023; Salem et  al. 2025b, 
2025c). Moreover, the vast majority of existing studies, 
including our own earlier work, have primarily relied 
on mean-based group-level analyses, with little atten-
tion given to responder prevalence and individual 
modulation patterns. Given that BJ primarily targets 
nitric oxide–mediated vascular and mitochondrial 
pathways, whereas CR predominantly enhances 
phosphagen-dependent ATP turnover and metabolic 
buffering, a direct comparison may reveal distinct 
short-term response patterns across performance, 
physiological, and autonomic domains, as well as indi-
vidual responsiveness.

Accordingly, the present study aimed to compare 
the short-term effects of BJ and CR supplementation 
on resistance exercise performance, muscle oxygen-
ation, cardiovascular strain, and autonomic regulation, 
while also examining individual response patterns 
beyond conventional group-level analyses. We hypoth-
esised that both BJ and CR would enhance RT per-
formance compared to PLA, while BJ would produce 
larger improvements in muscle oxygenation, and auto-
nomic/cardiovascular indices.

Methods

Study design and experimental protocol

This study is a pre-planned secondary analysis of a 
randomised, double-blind, placebo-controlled, 
three-condition crossover trial originally designed to 

examine the acute and short-term effects of BJ, CR, 
and a nitrate/creatine-free PLA on RT performance, 
autonomic regulation, and muscle oxygenation 
(Figure 1).

Each supplementation condition spanned four days 
and incorporated two identical resistance-training 
(RT) sessions, designed to reflect a typical real-world 
recovery interval between training sessions. The 
short-term loading phase corresponded to the ~72 h 
period between RT-session 1 and RT-session 2, both 
conducted at the same time of day. On Day 1, par-
ticipants ingested the assigned supplement 2 h before 
RT-session 1. During the subsequent ~72 h interval 
(Days 2–3), supplementation was continued according 
to the protocol detailed below. On Day 4, participants 
returned approximately 72 h after RT-session 1 and 
again consumed the assigned supplement 2 h before 
RT-session 2. Acute responses observed during 
RT-session 1 following BJ and CR ingestion have been 
reported previously (Salem et  al. 2025a) and are not 
the primary focus of the present manuscript. The 
present work focuses on the short-term effects, oper-
ationalised as the physiological and performance 
responses recorded during RT-session 2, following 
~72 h of supplementation between sessions. In sum-
mary, RT-session 1 was used previously to examine 
acute effects, whereas the present analyses focus on 
RT-session 2, reflecting responses after ~72 h of sup-
plementation (short-term loading phase). As argued 
by Salem et al. (2025b, 2025c), a 7-day washout period 
was implemented between conditions. A familiarisa-
tion session was conducted one week before the first 
experimental day. During this visit, body composition 
was assessed using bioelectrical impedance analysis 
(Tanita MC-780MA, Japan), and participants com-
pleted a standardised familiarisation protocol to ensure 
correct lifting technique for the back squat (BS) and 
bench press (BP). One-repetition maximum (1RM) 
for both exercises was determined during this session 

Figure 1.  Study design highlighting the analysed outcomes in the present study.



International Journal of Food Sciences and Nutrition 161

while adhering to the American Society of Exercise 
Physiologists (ASEP) guidelines for muscular strength 
assessment (Brown and Weir 2001), and using the 
following procedure: five repetitions at 50% of the 
estimated 1RM, three repetitions at 70%, followed by 
up to five incremental 1RM attempts, with 3-minute 
rest intervals between attempts (Salem et  al. 2025a, 
2025b, 2025c). Movement velocity was monitored 
throughout (Conceição et  al. 2016; González-Badillo 
and Sánchez-Medina 2010) using a linear position 
tracking system (Salem et  al. 2025a, 2025b, 2025c) to 
confirm maximal effort and ensure that final 1RM 
loads aligned with expected velocity thresholds. These 
1RM values were subsequently used to calibrate the 
relative intensities (60%, 70%, and 80% of 1RM) for 
experimental testing.

Familiarisation and testing took place in the after-
noon (±0.5 h), under controlled environmental con-
ditions (24 ± 1 °C), to minimise circadian-related 
variability (Ammar et  al. 2015). Afternoon testing was 
selected based on evidence showing more favourable 
neuromuscular performance, lower perceived exertion, 
and more stable physiological responses during this 
time of day (Ammar et  al. 2015, 2017, 2018).

Performance outcomes included countermovement 
jump (CMJ), squat jump (SJ), and BS and BP repe-
tition volume at 60%, 70%, and 80% of 1RM. Peak 
Heart rate was determined during each repetition set 
and muscle oxygen saturation (SmO2) was continu-
ously recorded using near-infrared spectroscopy. Heart 
rate variability (HRV) indices and blood lactate con-
centrations were collected immediately before and 
after testing sessions.

Participants

A total of 11 healthy novice resistance-trained men 
(age = 21.36 ± 1.8 years; BMI = 21.29 ± 2.29 kg/m2) were 
recruited if they had at least 6 weeks (median 12 weeks, 
range 6–24 weeks) of structured RT experience (≥3 
sessions/week), and reported stable dietary, and sleep 
habits during the preceding three months. Based on 
previous BJ and CR supplementation trials (Salem 
et  al. 2025a, 2025b, 2025c), a minimum of nine par-
ticipants was estimated to provide ≥90% statistical 
power to detect within-subject differences in perfor-
mance variables. To account for potential attrition, 
eleven participants were recruited, completed all sup-
plementation conditions and were included in the final 
analyses.

Exclusion criteria included smoking; medication or 
supplement use affecting muscle biology (e.g. creatine, 
nitrate,  NSAIDs ≥60 days prior);  current 

cardiovascular, metabolic, renal, or neurological dis-
orders; and musculoskeletal injury preventing safe 
exercise performance. Female participants were 
excluded due to potential confounding effects of 
menstrual-related hormonal fluctuations on HRV, neu-
romuscular performance, and supplementation respon-
siveness, combined with the logistical challenges of 
controlling menstrual cycle phases in a cross-
over design.

To enhance standardisation and control for external 
influences, participants were instructed to abstain 
from strenuous physical activity for 48 h before each 
testing session, maintain habitual diet and hydration, 
and avoid consumption of additional supplements. 
They were also advised to abstain from foods rich in 
nitrate (e.g. beetroot, celery, spinach), creatine-rich 
foods, alcohol, caffeine, stimulants, and products alter-
ing oral microbiota (e.g. antiseptic mouthwash, gum, 
sweets) for at least three days before testing. To pre-
serve nitrate–nitrite conversion efficiency, participants 
avoided brushing their teeth on test mornings and 
refrained from antiseptic mouth rinses throughout the 
study. To reduce confounding metabolic influences, 
they fasted (except water) for two hours before each 
experimental session and maintained a minimum of 
eight hours of sleep the night before testing.

Dietary consistency was monitored through 24-hour 
dietary recalls verbally administered and recorded by 
a trained researcher before each session, with special 
attention to nitrate- and creatine-containing products. 
Compliance with all pre-testing guidelines was 
recorded using a structured checklist, verbally con-
firmed on arrival, and monitored across conditions.

All participants provided written informed consent 
prior to participation. The study adhered to the 
Declaration of Helsinki and was approved by the local 
Research Ethics Committee of High Institute of Sport 
and Physical Education of El Kef, El Kef, Tunisia 
(ISSEPK-0033/2024). The study was registered at the 
Pan African Clinical Trials Registry database on 15 
May 2025 (PACTR202505827886996).

Supplementation protocols

Supplements were administered in three separate con-
ditions: BJ, CR, PLA. Supplement kits were prepared 
by two independent researchers not involved in data 
collection. Each kit contained the assigned supple-
ment, measuring scoops, preparation instructions, a 
shaker bottle with fluid gradations, and a compliance 
log. Researchers and participants remained blinded to 
supplement identity until all data were collected. 
Blinding efficacy was assessed at the final visit, where 
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participants guessed the supplement received in each 
condition and rated their confidence.

Beetroot juice (BJ) protocol
Participants consumed Bio beetroot powder (Beta vul-
garis; GymBeam GmbH, Berlin, Germany) dissolved 
in a nitrate-free favoured juice. The juice matched 
beetroot supplementation in colour, texture, and 
caloric profile, except for the absence of nitrate. The 
beetroot powder provided ~450 mg of nitrate 
(≈7.26 mmol NO3

-) per 15 g serving, with content and 
purity verified by external laboratory analysis (CBS, 
University of Sfax, Tunisia) and complete nutrition 
facts provided elsewhere (Salem et  al. 2025b). On Day 
1 and Day 4, participants ingested the full 15 g dose 
mixed in 900 mL of juice 120 min before the RT ses-
sions, consistent with peak nitrate-to-nitrite conver-
sion kinetics (Govoni et al. 2008; Gallardo and Coggan 
2019). On Days 2 and 3, participants consumed three 
evenly spaced servings of 5 g (each in 300 mL of 
juice). This dosing strategy has been shown to opti-
mise plasma nitrate accumulation, enhance NO avail-
ability, and induce meaningful ergogenic effects over 
multi-day supplementation (Govoni et  al. 2008; 
Domínguez et  al. 2017; Gallardo and Coggan 2019). 
The overall dosing structure was designed to reflect 
a short-term loading strategy across the ~72 h interval 
between RT sessions, combining distributed supple-
mentation on Days 2–3 with a standardised pre-exercise 
dose on the testing day

Creatine (CR) protocol
Creatine monohydrate (GymBeam GmbH, Berlin, 
Germany) was provided in powdered form and mixed 
with the same nitrate-free placebo juice to ensure iden-
tical taste, colour, and appearance for blinding. 
Participants followed a short-term loading regimen of 
0.3 g·kg−1·day−1 for three days (total ≈20–25 g/day), a 
strategy validated to rapidly increase intramuscular 
phosphocreatine stores (Greenhaff et  al. 1994; Buford 
et  al. 2007). Using a loading approach comparable to 
that applied for BJ supplementation, creatine was 
administered according to a short-term dosing strategy 
spanning the ~72 h interval between RT sessions. On 
the first supplementation day, participants consumed 
the full daily dose in a single serving two hours before 
the RT session, consistent with established creatine 
absorption kinetics (Greenhaff et  al. 1994). During the 
subsequent loading period (Days 2 and 3), the daily 
dosage was divided into three equal servings (~0.1 g·kg−1 
per serving) administered at breakfast, lunch, and late 
afternoon to maintain creatine availability. On Day 4, 

participants again ingested the full daily creatine dose 
120 min before RT-session 2, thereby reflecting the 
combined effects of short-term loading and stan-
dardised pre-exercise supplementation under ecologi-
cally valid between-session condition. All doses were 
dissolved in shaker bottles with marked volumes to 
standardise preparation. This protocol aligns with 
established methods shown to enhance phosphocre-
atine resynthesis, reduce metabolic stress, and sustain 
repeated high-intensity resistance exercise performance 
(Rossiter et  al. 1996; Rawson and Volek 2003).

Placebo (PLA) condition
The placebo consisted of nitrate-free favoured juice 
identical to the BJ and CR supplements in taste, 
colour, caloric content, and carbohydrate composition, 
but without nitrate or creatine. Supplementation tim-
ing and dosing frequency matched those of the BJ 
and CR protocols to ensure equal expectancy and 
control for timing effects. Participants maintained a 
compliance log to track supplement intake, which was 
reviewed and confirmed verbally upon arrival at each 
testing session, with results indicated guess accuracy 
near chance (Salem et  al. 2025b).

Resistance training sessions and conducted 
measurements

The RT protocol was identical across all supplemen-
tation conditions. Neuromuscular performance was 
first assessed using CMJ and SJ via the My Jump 2 
app, following validated procedures used in previous 
BJ and CR investigations (Coswig et  al. 2019). For SJ, 
participants maintained a 90° knee angle with hands 
on hips before executing a maximal vertical jump, 
while CMJ began from a standing position, also with-
out arm swing. Three trials were allowed for each test, 
and the best performance was retained for analysis 
(Salem et  al. 2025a, 2025b, 2025c). Participants then 
completed a standardised warm-up consisting of 
10 min of low-intensity cycling followed by two famil-
iarisation sets at 30% 1RM. Next, they performed an 
incremental RT protocol in both BS and BP, consisting 
of one set to concentric failure at 60%, 70%, and 80% 
of 1RM, with 3–5 min of rest between sets (Salem 
et  al. 2025a, 2025b, 2025c). The BS was always com-
pleted prior to BP. Lifting tempo was standardised 
with a 2-second eccentric phase and a self-selected 
concentric phase.

BS and BP performance-related variables included 
the maximum number of repetitions completed at 
each relative intensity, along with mean and peak 
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concentric velocity (MV) and power (MP). These were 
recorded using the validated Vmax Pro® 
accelerometer-based linear position transducer, which 
demonstrates strong agreement with gold-standard 
motion capture systems (R2 = 0.935 vs. Vicon; R2 = 
0.968 vs. T-Force) (Feuerbacher et  al. 2023).

Muscle oxygenation was continuously monitored 
throughout each RT session using near-infrared spec-
troscopy (NIRS), a validated, non-invasive method to 
assess local oxygen delivery and utilisation (Boushel 
and Piantadosi 2000; Crum et  al. 2017). A Moxy 
3-Sensor Bundle (Fortiori Design LLC, USA) was 
placed over the right vastus lateralis following stan-
dardised anatomical landmarking procedures. Data 
were sampled at 1 Hz and analysed to derive mean 
muscle oxygen saturation (SmO2) and total haemo-
globin (tHb), reflecting microvascular oxygen avail-
ability and blood volume changes in real time.

HRV was assessed according to current guidelines 
(Vondrasek et  al. 2023). Participants remained seated 
quietly for 5 min immediately before and after RT 
session, breathing spontaneously (no paced breath-
ing), while HRV was continuously monitored using 
a Polar H10 sensor and Elite HRV software 
(Vondrasek et  al. 2023). Time-domain measures 
included mean RR interval (MeanRR), root mean 
square of successive differences (RMSSD), and stan-
dard deviation of RR intervals (SDNN), while 
frequency-domain analysis quantified low-frequency 
(LF) and high-frequency (HF) components and LF/
HF ratio. Peak heart rate (HR) during exercise was 
also recorded.

In addition to traditional group-level analyses, an 
individual response modulation approach was also 
incorporated to examine whether supplementation 
meaningfully altered key physiological responses 
(SmO2, peak HR, and RMSSD) compared to placebo, 
thereby providing insight into inter-individual vari-
ability in responsiveness.

Capillary blood lactate was sampled from the ear-
lobe, after sterilisation with 70% ethanol, immediately 
pre-exercise, post-exercise, and 3 min after testing 
(Forsyth and Farrally 2000; Goodwin et  al. 2007). The 
Lactate Pro 2 device (AKRAY Europe B.V., 
Netherlands) was used for analysis, following validated 
protocols demonstrating accuracy and reliability in 
RT research settings.

Statistical analysis

Descriptive statistics were presented as Mean ± stan-
dard deviation (SD). The normality of the data was 
checked using the Shapiro-Wilk test.

The primary statistical analyses were designed to 
examine the effects of supplementation condition (BJ, 
CR, PLA) and exercise intensity or time on perfor-
mance and physiological outcomes. Specifically, dif-
ferences between supplementation conditions (BJ vs. 
CR vs. PLA) and intensity (60% vs. 70% vs. 80%) for 
strength test performance, as well as differences 
between supplementation conditions and time (pre- vs. 
post-session) for heart rate variability (HRV) indices, 
lower-limb strength, and blood lactate, were analysed 
using two-way analyses of variance (ANOVA) when 
parametric assumptions were met.

When parametric assumptions were violated, 
non-parametric longitudinal analyses were conducted 
using the LD-F2 model, which provides ANOVA-type 
statistics for main effects (condition and intensity or 
time) and their interaction. Significant main or inter-
action effects were followed by post-hoc pairwise 
comparisons using t-tests or Wilcoxon tests, as appro-
priate, with Bonferroni adjustment applied to control 
for multiple comparisons.

Effect sizes were reported as partial eta-squared (η2) 
for ANOVA and LD-F2 models and interpreted as small 
(0.01), moderate (0.06), or large (0.14) (Cohen 2013). 
Standardised mean differences (Cohen’s d) were calcu-
lated for pairwise comparisons and interpreted using 
Hopkins’ thresholds: trivial (d ≤ 0.20), small (0.20 < d ≤ 0.60), 
moderate (0.60 < d ≤ 1.20), large (1.20 < d ≤ 2.0), very large 
(2.0 < d ≤ 4.0), and extremely large (d > 4.0). Statistical sig-
nificance was set a priori at p < 0.05.

In addition to these primary, mean-based analyses, 
an exploratory modulation prevalence approach was 
applied to provide insight into individual physiological 
responses to supplementation. This analysis evaluated 
whether supplementation-induced changes relative to 
placebo exceeded normal measurement variability for 
selected key variables (muscle oxygen saturation 
[SmO2], peak heart rate [HR], and RMSSD). For each 
participant, the absolute difference between BJ or CR 
and PLA was calculated, and changes exceeding 
±2 × the standard measurement error (SME) were clas-
sified as positive, negative, or neutral modulation. 
SME values were derived from previously published 
reliability studies (SmO2: 1.89%, threshold ±3.79% 
(Crum et  al. 2017); peak HR: 1.18 bpm, threshold 
±2.01 bpm (Coswig et  al. 2020); RMSSD: 0.65 ms, 
threshold ±1.3 ms (Shaffer and Ginsberg 2017)). This 
approach aligns with recommendations for identifying 
true individual responses beyond normal measurement 
error (Hopkins 2000; Atkinson and Batterham 2015; 
Ammar et  al. 2021). The prevalence of positive mod-
ulators was compared between BJ and CR using 
chi-square (χ2) tests.
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All analyses were performed using R (R Core Team 
2020). Parametric ANOVA models were conducted 
using the afex package (Singmann 2016), 
non-parametric LD-F2 analyses using the nparLD 
package (Noguchi et al. 2011), and Friedman tests 
and post-hoc comparisons using t-tests or Wilcoxon 
tests with the rstatix package (Kassambara 2019).

Results

Strength performance

Figure 2 presents the mean ± SD values and post-hoc 
comparisons for repetition volume, peak velocity, and 
peak power across supplementation conditions (BJ, 
CR, PLA) at incremental intensities (60%, 70%, 80% 

Figure 2.  Mean ± SD values and post-hoc comparisons for repetition volume, peak velocity and power in bench press and back 
squat at incremental intensities.
†: significantly different compared to 60% of 1RM; ‡: significantly different compared to 70% of 1RM; a: significantly different compared to PLA.
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of 1RM) in BP and BS. Effect sizes values are pre-
sented in Table 1.

Repetitions volume
The analysis for BP data revealed a significant main 
effect of condition (F = 13.09, p < 0.001, ηp

2= 0.567) 
and load (F = 184.9, p < 0.001, ηp

2 = 0.949). In contrast, 
the Condition × Load interaction was not significant 
(F = 0.85, p = 0.45, ηp

2 = 0.079). Post hoc comparisons 
showed that the number of repetitions was signifi-
cantly higher in CR compared to PLA in 80% of 1RM 
(p = 0.023, d = 1.33). In all condition (BJ, CR, and 
PLA), the number of repetitions decreased signifi-
cantly at 70% and 80% compared to 60% of 1RM 
(p < 0.012, d = 1.64–3.07), and at 80% compared to 
70% of 1RM (p < 0.015, d = 1.55).

The analysis for BS data revealed a significant main 
effect of condition (F = 6.64, p = 0.015, ηp

2= 0.399) and 
load (F = 73.37, p < 0.001, ηp

2 = 0.880). In contrast, 
the Condition × Load interaction was not significant 
(F = 3, p = 0.051, ηp

2 = 0.231). Post hoc comparisons 
showed that, in all three conditions (BJ, CR, and 
PLA), the number of repetitions significantly decreased 
at 80% compared to 60% of 1RM (p < 0.002, d = 1.6). 
In addition, in the CR and BJ conditions, repetitions 
decreased significantly at 70% compared to 60% 
(p = 0.025, d = 0.99).

Peak velocity
The analysis for BP peak velocity revealed a signif-
icant main effect of condition (F = 30.82, p < 0.001, 
ηp

2 = 0.755) and load (F(1.65 = 85.11, p < 0.001, ηp
2 

= 0.895). In contrast, the Condition × Load interac-
tion was not significant (F = 0.43, p = 0.676, ηp

2 = 
0.04). Post hoc comparisons showed that, at all three 
loads, peak velocity was significantly higher in the 
BJ and CR condition than in PLA (p < 0.015, d = 1.54–
2.92). In both BJ and CR conditions, peak velocity 
decreased significantly at 70% and 80% compared to 
60% of 1 RM (p < 0.011, d = 1.38–2.08), and at 80% 

compared to 70% of 1RM (p < 0.037, d = 0.84). In 
PLA condition, peak velocity decreased significantly 
only at 80% and 70% compared 60% of 1 RM 
(p < 0.001, d = 1.07–1.98).

The analysis for BS peak velocity data revealed a 
significant main effect of condition (F = 26.26, 
p < 0.001, ηp

2 = 0.72) and load (F = 36.99, p < 0.001, 
ηp

2 = 0.79). In contrast, the Condition × Load inter-
action was not significant (F = 0.53, p = 0.684, ηp

2 = 
0.05). Post hoc comparisons showed that peak velocity 
was significantly higher in the CR condition at 80% 
of 1RM (p = 0.051, d = 2.07) and in the BJ condition 
at 60% and 70% of 1RM (p < 0.043, d = 1.79–1.91) 
compared to PLA. In all conditions, 60% were higher 
than 80% of 1RM (p < 0.012, d = 1.71).

Peak power
The analysis for BP peak power revealed no signifi-
cant main effect of condition (F = 0.73, p = 0.457, ηp

2 
= 0.068), whereas a significant main effect of load 
was observed (F = 140.69, p < 0.001, ηp

2 = 0.934). The 
Condition × Load interaction was not significant 
(F = 1.32, p = 0.286, ηp

2 = 0.116). Post hoc comparisons 
indicated that, across all three conditions (BJ, CR, 
and PLA), peak power was higher at 70% than at 
60% 1RM, and higher at 80% than at both 60% and 
70% 1RM (p < 0.015, d = 1.64–5.39).

The analysis for back squat peak power revealed no 
significant main effect of condition (F = 1.58, p = 0.208, 
ηp

2 = 0.14), whereas a very large main effect of load 
was observed (F = 536.64, p < 0.001, ηp

2 = 0.98). The 
Condition × Load interaction did not reach significance 
(F = 2.09, p = 0.097, ηp

2 = 0.17). In all conditions, peak 
power was significantly higher at 70% compared with 
60% 1RM, and higher at 80% compared with both 
60% and 70% 1RM (all p = 0.001, d = 3.26–6.03).

CMJ and SJ
The analysis of jump height outcomes (Figure 3) 
showed no significant main effect of condition for 

Table 1. E ffect size for repetition volume, peak velocity and power in bench press and 
back squat at incremental intensities.

BP BS

Performance |ES1| |ES2| |ES3| |ES1| |ES2| |ES3|

Repetition Volume 60% 0.44 0.43 0.07 0.99 0.62 0.51
70% 0.69 0.43 0.38 0.56 0.34 0.21
80% 1.33 0.41 0.78 0.82 0.56 0.5

Peak Velocity (m · s − 1) 60% 1.54 1.75 0.1 1.04 1.25 0.26
70% 2.17 2.92 0.61 1.59 1.91 0.1
80% 2.35 2.88 0.36 2.07 1.79 0.32

Peak Power (W) 60% 0.22 0.33 0.13 0.02 0.54 0.6
70% 0.68 0.13 0.84 0.29 1.07 0.65
80% 0.06 0.21 0.14 0.24 0.57 0.31

ES1: effect size of the post hoc comparison CR vs. PLA; ES2: effect size of the post hoc comparison BJ vs. 
PLA; ES3: effect size of the post hoc comparison CR vs. BJ.
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either CMJ (F(1.21, 12.07) = 0.29, p = 0.642, ηp
2 = 

0.028) or SJ (F(1.45, 14.54) = 0.30, p = 0.675, ηp
2 

= 0.029).

Muscle oxygenation, total hemoglobin, and peak 
heart rate

Table 2 presents the physiological responses during 
BP and BS sets across incremental intensities (60%, 
70%, and 80% of 1RM), including SmO2, tHb, and 
peak HR under PLA, CR, and BJ supplementation 
conditions, along with their corresponding effect sizes.

SmO2
The analysis for BP SmO2 data revealed a significant 
main effect of condition (F = 68.28, p < 0.001, ηp

2 = 
0.872), whereas neither the main effect of load 
(F  = 1.69, p  = 0.213, ηp

2 = 0.145) nor the 
Condition × Load interaction (F = 0.62, p = 0.615, ηp

2 = 
0.059) reached statistical significance. Post hoc com-
parisons showed that, at all three loads (60–80% 
1RM), SmO2 was significantly higher in the BJ con-
dition compared with both CR and PLA (p < 0.001, 
d = 2.23–2.98).

The analysis for BS SmO2 data revealed a large 
main effect of condition (F = 60.75, p < 0.001, ηp

2 = 
0.859), whereas neither the main effect of load 
(F  = 1.34, p  = 0.283, ηp

2 = 0.118) nor the 
Condition × Load interaction (F = 0.18, p = 0.874, ηp

2 = 

0.018) reached statistical significance. Post hoc com-
parisons indicated that SmO2 was significantly higher 
in BJ compared with both CR and PLA at all three 
loads (60–80% 1RM; p < 0.001, d = 1.98–3.86).

tHb
The analysis for tHb during BP revealed that neither 
the main effect of condition (F = 2.84, p = 0.085, ηp

2 
= 0.221) nor the main effect of load (F = 0.58, p = 0.561, 
ηp

2 = 0.055) reached statistical significance. The 
Condition × Load interaction was also non-significant 
(F = 1.67, p = 0.191, ηp

2 = 0.143). Post hoc comparisons 
showed a single significant difference at 80% of 1RM, 
where tHb was lower in CR compared with PLA 
(p = 0.047, d = 0.48).

The analysis for tHb during the BS revealed no 
significant main effect of condition (F = 0.31, p = 0.662, 
ηp

2 = 0.030) or time/load (F = 1.53, p = 0.246, ηp
2 = 

0.132). The Condition × Time interaction was also not 
significant (F = 0.30, p = 0.822, ηp

2 = 0.029).

Peak HR
The analysis for BP’s peak HR data revealed a signif-
icant main effect of condition (F = 30.06, p < 0.001, ηp

2 
= 0.75) and load (F = 136.02, p < 0.001, ηp

2 = 0.93), 
also, a significant Condition × Load interaction 
(F = 3.73, p = 0.013, ηp

2 = 0.27). Post hoc comparisons 
between conditions showed that, at 60% and 70% of 
1RM, peak HR was significantly lower in the BJ 

Figure 3. C MJ and SJ recorded pre- and post-session. PLA: Placebo; CR: Creatine; BJ: Beetroot juice.



International Journal of Food Sciences and Nutrition 167

condition compared to both CR and PLA (p < 0.02, 
d = 0.88–0.92). In all conditions (BJ, CR, and PLA), 
peak HR was significantly higher at 80% compared 
with both 60% and 70% 1RM (p < 0.018, d = 2.22–
4.03), while only in the PLA condition was peak HR 
at 70% 1RM significantly higher than at 60% 1RM 
(p = 0.011, d = 0.93).

The analysis for BS peak HR data revealed a strong 
main effect of time (F = 22.21, p < 0.001, ηp

2 = 0.690), 
whereas the main effect of condition only approached 
significance (F = 4.04, p = 0.060, ηp

2 = 0.288). The 
Condition × Time interaction was not significant 
(F = 2.08, p = 0.134, ηp

2 = 0.172). Post hoc comparisons 
showed that, in both BJ and CR conditions, peak HR 
was significantly higher at 70% and 80% compared 
with 60% 1RM, and higher at 80% than at 70% 1RM 
(all p < 0.041, d = 0.99–1.87), whereas in PLA, peak 
HR was significantly higher at 80% compared with 
60% 1RM only (p = 0.003, d = 1.87).

HRV and blood lactate

Figure 4 illustrates the pre- and post-session heart 
rate variability (HRV) indices (MeanRR, RMSSD, 
SDNN, LF, HF) and blood lactate concentrations 
across the three supplementation conditions (PLA, 
CR, BJ). The standardised effect sizes (Cohen’s d) for 
post-session comparisons, along with their respective 
95% confidence intervals, are presented in Figure 5.

MeanRR
The analysis for mean RR revealed a significant main 
effect of condition (F = 4.01, p = 0.035, ηp

2 = 0.286) 
and time (F = 246.30, p < 0.001, ηp

2 = 0.961). In con-
trast, the Condition × Time interaction was not sig-
nificant (F = 0.01, p = 0.984, ηp

2 < 0.001). Post hoc 
comparisons showed that, in all condition (BJ, CR, 
PLA), mean RR was significantly lower post-session 
compared with pre-session (all p ≤ 0.001, Cohen’s 
d = 1.83–2.66).

RMSSD
The analysis for RMSSD revealed significant main 
effects of condition (F = 59.41, p < 0.001, ηp

2 = 0.856) 
and time (F = 61.16, p < 0.001, ηp

2 = 0.859). The 
Condition × Time interaction did not reach statistical 
significance (F = 3.29, p = 0.066, ηp

2 = 0.248). Post hoc 
comparisons showed that RMSSD was higher at 
pre-session in BJ than in CR and PLA (p = 0.014 and 
< 0.001, respectively; d = 0.48–2.92), and higher in CR 
than in PLA (p = 0.007, d = 1.94). A similar pattern 
was observed post-session, with RMSSD remaining Ta
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higher in BJ and CR compared with PLA (p < 0.001, 
d = 2.1–2.99). In all condition, RMSSD decreased sig-
nificantly from pre- to post-session (all p < 0.001, 
d = 1.11–1.71).

SDNN
The analysis for SDNN revealed significant main 
effects of condition (F = 14.69, p < 0.001, ηp

2 = 0.595) 
and time (F = 89.07, p < 0.001, ηp

2 = 0.899), whereas 
the Condition × Time interaction was not significant 
(F = 0.74, p = 0.486, ηp

2 = 0.068). Post hoc comparisons 
showed that SDNN was higher in BJ than in PLA 
both at pre-session (p < 0.002, d = 2.12) and post-session 
(p = 0.001, d = 1.16). In all condition (BJ, CR, PLA), 
SDNN decreased significantly from pre- to post-session 
(all p < 0.001, d = 0.93–2.43).

LF
The analysis for LF power revealed significant main 
effects of condition (F = 4.52, p = 0.036, ηp

2 = 0.311) 
and time (F = 40.58, p < 0.001, ηp

2 = 0.802). In contrast, 
the Condition × Time interaction was not significant 
(F = 1.39, p = 0.273, ηp

2 = 0.122). Post hoc comparisons 
showed that, at pre-session, LF power was significantly 
higher in BJ than in PLA (p = 0.015, d = 2.18). In all 

condition (BJ, CR, PLA), LF power decreased signifi-
cantly from pre- to post-session (all p < 0.015, 
d = 0.5–1.65).

HF
The analysis for HF power revealed significant main 
effects of condition (F = 8.02, p = 0.006, ηp

2 = 0.445) and 
time (F = 235.28, p < 0.001, ηp

2 = 0.959), whereas the 
Condition × Time interaction was not significant (F = 0.62, 
p = 0.492, ηp

2 = 0.058). Post hoc comparisons showed 
that HF power was higher in BJ than in PLA both at 
rest (pre-exercise; p = 0.017, d = 1.86) and post-exercise 
(p < 0.001, d = 1.86). After exercise, HF was also higher 
in CR than in PLA (p = 0.018, d = 1.55). In all condition 
(BJ, CR, PLA), HF power decreased markedly from 
pre- to post-exercise (all p < 0.001, d = 0.77–0.94).

Blood lactate
The analysis for blood lactate revealed no significant 
main effect of condition (F = 1.42, p = 0.266, ηp

2 = 
0.124) and no Condition × Time interaction (F = 1.06, 
p = 0.366, ηp

2 = 0.095). In contrast, there was signif-
icant main effect of time (F = 324.22, p < 0.001, ηp

2 = 
0.970). Post hoc comparisons showed that, in all three 
conditions (BJ, CR, PLA), blood lactate was 

Figure 4.  HRV indices and blood lactate recorded at pre- and post-session. PLA: Placebo; CR: Creatine; BJ: Beetroot juice; †: com-
pared to pre-session; a: compared to PLA; b: compared to CR.
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significantly higher post-session compared with 
pre-session (all p ≤ 0.001, d = 2.03–3.24).

Overall, Figure 5 shows generally positive stan-
dardised effects for BJ (and to a lesser extent CR) 
relative to PLA across post-session HRV indices (e.g. 
MeanRR, RMSSD, SDNN, and HF), whereas lactate 
effect estimates are comparatively small and all cor-
responding 95% confidence intervals cross zero, sug-
gesting limited evidence for a condition-specific effect 
on post-session blood lactate

Responder analysis (Table 3) revealed that BJ elic-
ited a substantially higher prevalence of positive mod-
ulation in SmO2 across all intensities (55–64%) 
compared to CR (0–18%), with χ2 tests confirming 
significant differences at all loads and across both 
exercises (p < 0.022). Similarly, BJ induced significantly 
higher positive modulation than CR in peak HR 
reduction at 60% BP (82% vs. 36%, p = 0.030), although 
differences narrowed at higher intensities. For RMSSD, 
BJ produced a higher prevalence of positive 
post-session autonomic modulation compared to CR 
(82% vs. 64%), though the difference was not statis-
tically significant (p = 0.338).

Discussion

This study investigated the short-term effects of BJ 
and CRsupplementation on resistance exercise perfor-
mance, physiological regulation, and autonomic recov-
ery following a 3-day loading protocol. Both 
supplements demonstrated ergogenic benefits com-
pared to placebo, although through distinct physio-
logical mechanisms in this sample. CR predominantly 
enhanced phosphagen-driven performance, showing 
large to very large effect sizes for total work, partic-
ularly in upper-body exercises where ATP–PCr reli-
ance is highest. Both supplements markedly improved 
movement velocity compared to PLA, with BJ demon-
strating a small-to-moderate advantage over CR under 
high-intensity (80% 1RM) loading, suggesting better 
preservation of neuromuscular efficiency under 
fatigue. Furthermore, BJ produced substantial improve-
ments in SmO2 across all intensities and exercise 
modalities, along with significantly lower peak heart 
rate and superior maintenance of autonomic function. 
Direct comparisons suggested divergent response pat-
terns, with CR showing greater effects on anaerobic 
work capacity, whereas BJ was associated with more 

Figure 5.  Standardised effect sizes |cohen’s d| and 95% confidence intervals for post-session HRV indices and blood lactate after 
CR and BJ supplementation compared with PLA. Positive ES values indicate effects favouring the first-listed condition in each 
comparison (i.e. BJ vs. PLA, CR vs. PLA, and BJ vs. CRModulation of main physiological responses to RT.
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pronounced changes in vascular regulation, muscle 
oxygen saturation, and parasympathetic indices, 
reflecting potentially distinct mechanistic pathways 
under the present experimental conditions. Importantly, 
the magnitude of these effects suggests that short-term 
supplementation may extend physiological responses 
previously observed under acute conditions (Salem 
et  al. 2025a), particularly for BJ, where cumulative 
nitrate contribute to changes in muscle oxygenation 
and autonomic regulation. However, this interpretation 
should be considered within the limits of the short 
intervention period and the present sample charac-
teristics. Overall, these findings support the concept 
of supplement-specific response profiles and suggest 
that the selection of ergogenic aids may be informed 
by the targeted physiological domain and contextual 
training demands.

Performance responses: CMJ, SJ, repetitions, 
velocity, and power

Although between-condition differences in repetition 
number reached statistical significance versus PLA 
only at 80% 1RM, effect size analysis revealed large 
to very large benefits of CR at higher intensities 
(d = 0.44–1.33), particularly in upper-body exercises. 
This highlights meaningful improvements in anaerobic 
work capacity and phosphagen availability, consistent 
with its role in enhancing ATP-PCr turnover and 
inter-set recovery (Greenhaff et  al. 1993, 1994; Rawson 
and Volek 2003). BJ showed small effects, more pro-
nounced in lower-limb exercises (d = 0.41–0.43), sug-
gesting improved fatigue resistance through enhanced 
perfusion and oxygen utilisation (Salem et  al. 2025b), 
rather than large increases in total repetition output.

It should be noted that the number of repetitions 
achieved across intensities, especially in the BP, was 
lower than the estimated mean repetition ranges 
recently reported for resistance exercise at comparable 
%1RM loads (Nuzzo et  al. 2024). In that 
meta-regression, training status (trained vs. untrained) 
and exercise modality (e.g. bench press vs. squat) were 
highlighted as potential moderators, with trained indi-
viduals and lower-body exercises typically completing 
more repetitions per set at a given relative load.

In the present study, participants had relatively 
modest RT experience and were largely within the 
anatomical adaptation and technical learning phases 
for both BP and BS; stages characterised by high 
motor-learning demands, reduced neuromuscular effi-
ciency, and lower strength-endurance capacity 
(Kraemer and Ratamess 2004; Haff and Triplett 2016). 
These developmental factors likely contributed to the Ta
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comparatively lower repetition volumes observed here, 
particularly for the upper-body exercise. Therefore, 
although the relative effects of supplementation remain 
interpretable, the absolute repetition counts should be 
interpreted cautiously and not generalised to more 
advanced or highly trained strength athletes.

For peak velocity, statistical significance was 
observed between CR and PLA at all loads in BP and 
at 80% 1RM for CR in BS, whereas BJ outperformed 
PLA at all loads during BS and both 70% and 80% 
1RM during BS. These differences were supported by 
very large effect sizes, confirming that movement 
velocity is a highly sensitive indicator of supplemen-
tation effects during resistance training (BP: d ≈ 1.38–
2.92; BS: d ≈ 1.79–2.07). Direct comparisons between 
BJ and CR showed small-to-moderate advantages for 
BJ (d ≈ 0.1–0.61), particularly at 80% 1RM, indicating 
more stable velocity maintenance under cumulative 
fatigue. This likely reflects mechanisms previously 
described namely NO-related improvements in neu-
romuscular efficiency and oxygen delivery, without 
needing to restate full pathways.

CR also produced velocity benefits compared to 
PLA, particularly in bench press, where effect sizes 
were higher than in back squat (BP: d ≈ 1.54–2.35 vs. 
BS: d ≈ 1.04–2.07). This pattern may reflect greater 
reliance on phosphagen-driven energy systems in 
smaller upper-body muscle groups, whereas larger 
muscles under squat conditions may depend more on 
cardiovascular and metabolic regulation. The observed 
exercise-specific responsiveness aligns with previous 
findings, where creatine was shown to yield greater 
performance benefits in movements with higher 
ATP-PCr dependency (Wax et  al. 2021; Wang et  al. 
2024; Salem et  al. 2025b).

In contrast, peak power showed overall smaller 
effects compared to velocity (d < 0.60), with only CR 
at 70% BP and BJ at 60% BS showing moderate effects 
(d = 0.68 and 1.07, respectively). This reinforces the 
notion that peak velocity may be a more sensitive 
early performance indicator under short-term supple-
mentation (Ranchal-Sánchez et  al. 2020), particularly 
in high-intensity loading where movement efficiency, 
repetition sustainability, and contractile quality become 
more functionally relevant than instantaneous maxi-
mal power.

Jump performance was better preserved under both 
supplementation conditions compared to PLA, partic-
ularly for CMJ, where moderate (BJ vs PLA, d ≈ 0.77) 
to large (CR vs PLA, d ≈ 1.20) effects were observed. 
These findings support a protective effect on neuro-
muscular function during explosive stretch–shortening 
cycle actions. In SJ, BJ showed a small improvement 

compared to PLA (d ≈ 0.36), whereas CR demonstrated 
only a trivial effect (d ≈ 0.04), suggesting that BJ may 
support controlled concentric actions slightly more 
effectively. Direct comparisons revealed small effects 
favouring BJ for SJ (d ≈ 0.31) and trivial differences 
for CMJ (d ≈ −0.14), indicating no clear superiority 
but differing physiological contributions.

In synthesising these patterns, CR appears more 
effective in enhancing total work capacity and 
power-related outcomes, particularly in upper-body 
and higher-intensity efforts, where phosphagen 
demand is dominant (Lanhers et  al. 2017). In contrast, 
BJ consistently favoured movement velocity preserva-
tion and resistance to fatigue, particularly in lower-limb 
and high-intensity conditions where oxygen-dependent 
metabolic flexibility plays a larger role (Salem et  al. 
2025b). These findings extend observations from acute 
trials (Salem et al. 2025a) by indicating that short-term 
loading may accentuate supplement-specific response 
patterns, with CR more closely related to 
phosphagen-driven performance outcomes and BJ 
more closely related to neuromuscular efficiency and 
fatigue-related indices.

Physiological responses: Muscle oxygenation, 
total hemoglobin, and heart rate

The SmO2 findings provide strong and consistent evi-
dence for the microvascular and oxygenation-related 
benefits of BJ supplementation. Across all intensities 
(60–80% 1RM) and both exercises (BP and BS), BJ 
elicited very large increases in muscle oxygen satura-
tion, with Cohen’s d ranging from 2.03 to 2.48 vs. 
PLA, and 2.34 to 3.86 vs. CR, demonstrating a sub-
stantial enhancement in oxygen availability during 
resistance exercise. Importantly, BJ was significantly 
superior to both PLA and CR at all loads (60%, 70%, 
80%) in both BP and BS, confirming a load-independent 
and exercise-modality-independent oxygenation ben-
efit. These results are consistent with enhanced intra-
muscular oxygen availability, more efficient perfusion 
distribution, and greater resistance to exercise-induced 
desaturation, particularly under metabolically stressful 
conditions (Fulford et  al. 2013; Rojano-Ortega et  al. 
2022; Salem et  al. 2025b).

These improvements are consistent with mechanisms 
proposed withinthe nitrate–nitrite–NO pathway, where 
dietary nitrate enhances vasodilation, improves endo-
thelial function, increases local muscle perfusion, and 
optimises oxygen delivery during high-demand con-
tractions (Bailey et  al. 2010; Ferguson et  al. 2013). 
Additionally, enhanced mitochondrial efficiency and 
reduced oxygen cost of ATP resynthesis may contribute 



172 A. AMMAR ET AL.

to greater oxygen saturation retention during loading 
(Domínguez et  al. 2017; Salem et  al. 2025b). The 
absence of any condition × load interaction further con-
firms that BJ’s effects are robust across varying inten-
sities, highlighting its role in preserving oxygenation 
under fatigue-sensitive resistance exercise conditions.

In contrast, CR produced no meaningful changes in 
SmO2 at any load or exercise mode, with trivial effect 
sizes (d ≈ 0.06 to 0.32), consistent with its mechanism 
that primarily supports phosphagen replenishment rather 
than vascular or oxygen-transport adaptations (Salem 
et  al. 2025c, Greenhaff et  al. 1994; de Araujo Bonetti de 
Poli et  al. 2019). Together, these findings support the 
mechanistic distinction between BJ (oxygenation/
perfusion-focused) and CR (phosphagen/energy-focused), 
reinforcing their differential roles in resistance exercise 
physiology.

Total haemoglobin (tHb) values did not differ mean-
ingfully across conditions, as indicated by trivial-to-small 
effect sizes (d < 0.60), suggesting that BJ’s oxygenation 
improvements are not due to changes in blood volume, 
but rather to more efficient oxygen extraction and 
microvascular regulation, rather than increased muscle 
blood pooling. This is consistent with NO-mediated 
improvements in vascular conductance and perfusion 
efficiency rather than total blood displacement (de 
Oliveira et  al. 2018; Volino-Souza et  al. 2020).

Regarding peak HR, BJ produced significantly lower 
peak HR values than both PLA and CR at 60% and 
70% in BP, and at 80% in BS, indicating reduced 
cardiovascular strain during resistance loading. These 
reductions were accompanied by small-to-large effect 
sizes vs. PLA (d ≈ 0.31–2.65) and vs. CR (d ≈ 0.46–
1.79), particularly at higher intensities, suggesting 
improvements in cardiac efficiency, endothelial respon-
siveness, and autonomic modulation (Ferguson et  al. 
2013; Jurado-Castro et  al. 2022). In contrast, CR 
showed only trivial-to-small effects on peak HR 
(d < 0.6), reinforcing its limited impact on cardiovas-
cular strain despite its metabolic support role (Salem 
et  al. 2025b).

Together, these findings indicate that mainly BJ 
improves intramuscular oxygen saturation and reduces 
cardiovascular strain under resistance exercise, without 
significantly altering blood volume. Conversely, CR 
seems to contribute to performance enhancement 
through enhancing metabolic energy availability rather 
than influencing oxygen delivery or cardiac load reg-
ulation, confirming a clear mechanistic divergence 
between both supplements.

In direct comparison, BJ demonstrated superior 
effects on SmO2 and peak HR regulation across loads 
and exercise types, while CR showed no meaningful 

impact on oxygenation or cardiovascular responses, 
highlighting its primarily metabolic support role. 
These f indings reinforce the concept of 
supplement-specific physiological signatures, whereby 
BJ enhances vascular, metabolic efficiency, and auto-
nomic regulation (Jurado-Castro et  al. 2022; Poon 
et  al. 2025; Celik et  al. 2026), while CR preferentially 
supports phosphagen-driven anaerobic work and 
energy buffering (Kreider et  al. 2017; de Araujo 
Bonetti de Poli et al. 2019), as discussed in Section 4.1.

Heart rate variability (HRV) and autonomic 
recovery

The HRV results highlight a distinct autonomic recov-
ery profile between BJ and CR during short-term 
supplementation. BJ demonstrated the most robust 
parasympathetic support, significantly improving both 
pre- and post-session RMSSD, SDNN, and HF com-
pared to PLA, with large to very large effect sizes 
(RMSSD: d = 2.99; SDNN: d = 1.16; HF: d = 1.86), and 
outperforming CR for RMSSD (d = 0.91). These 
improvements suggest that nitrate supplementation 
not only limits exercise-induced parasympathetic with-
drawal but also enhances post-exercise reactivation, 
likely through NO-mediated improvements in micro-
vascular perfusion, oxygen delivery, endothelial func-
tion, and baroreflex sensitivity (Jurado-Castro et  al. 
2022; Salem et  al. 2025b; Raimundo et  al. 2025). CR 
also improved but not significantly RMSSD and HF 
compared to PLA (RMSSD: d = 2.10; HF: d = 1.55); 
however, these effects were consistently smaller than 
those observed with BJ, indicating a less pronounced 
enhancement of parasympathetic reactivation. These 
slight enhancements suggest that CR’s autonomic ben-
efits may be attributed more to reduced metabolic 
strain rather than direct enhancement of cardiovas-
cular or parasympathetic modulation. (Salem et  al. 
2025c; Mert et  al. 2017).

Although MeanRR differences did not reach sta-
tistical significance, BJ showed a large effect versus 
PLA (d = 1.20) and a small advantage over CR 
(d = 0.41), suggesting better preservation of vagally 
mediated heart rhythm stabilisation (Benjamim et  al. 
2021). The peak HR data further support this, as BJ 
elicited significantly lower cardiovascular strain across 
all intensities in both BP and BS, pointing to improved 
cardiovascular efficiency and autonomic-cardiovascular 
interaction. In contrast, CR produced only trivial 
reductions in HR and did not significantly impact 
microvascular or oxygen-related parameters, consistent 
with its role in metabolic buffering rather than auto-
nomic modulation.
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Blood lactate responses further reinforce this diver-
gence, with BJ showing moderately lower values com-
pared to PLA (d = 0.90) and CR (d = 0.85), indicating 
more efficient metabolic regulation and possibly 
greater oxidative recovery capacity (Ranchal-Sánchez 
et  al. 2020), even though differences did not reach 
statistical significance. CR showed negligible blood 
lactate modulation compared to PLA (d = 0.21), align-
ing with its primary role in ATP-PCr resynthesis 
rather than aerobic or vascular recovery (Wax 
et  al. 2021).

Taken together, these findings suggest that BJ may 
be associated with broader short-term physiological 
responses across vascular, oxygenation, and autonomic 
domains, potentially contributing to reduced cardio-
vascular strain and enhanced post-exercise parasym-
pathetic reactivation. In contrast, CR appears to 
influence autonomic recovery to a lesser extent under 
the present conditions, with observed effects likely 
related to metabolic unloading rather than direct 
modulation of cardiovascular–autonomic pathways. 
Therefore, while both supplements exhibit ergogenic 
potential, BJ may be more relevant in contexts char-
acterised by elevated recovery demands, autonomic 
stress, or metabolic strain, whereas CR may be more 
closely associated with improvements in anaerobic 
work capacity and phosphagen-driven performance..

Individual modulation and practical 
responsiveness of main physiological outcomes

The modulation analysis strengthens the group-based 
findings by demonstrating that BJ was not only sta-
tistically more effective in increasing SmO2 and reduc-
ing peak HR, but also more likely to induce meaningful 
physiological modulation at the individual level. In 
particular, BJ produced significantly higher rates of 
positive modulation in SmO2 at all intensities (55–
64%) compared to CR (0–18%), indicating superior 
support for oxygenation and perfusion under meta-
bolic stress (Wong et  al. 2025). This aligns with the 
large effect sizes observed in Section 4.2 and confirms 
that BJ’s vascular benefits were not restricted to aver-
age group responses but were consistently observed 
across participants.

For peak HR, BJ produced the highest modulation 
prevalence at 60% BP (82% vs 36%), suggesting 
improved cardiovascular efficiency even under mod-
erate intensities, consistent with its NO-dependent 
endothelial effects (Domínguez et  al. 2017). Although 
CR supported modest improvements, these were more 
variable and not consistently above modulation 
thresholds, reflecting its indirect cardiovascular 

modulation. In RMSSD, BJ also demonstrated a 
higher proportion of positive autonomic responders 
(82% vs. 64%), consistent with its effects on HF and 
SDNN, although the difference did not reach statis-
tical significance. This suggests that autonomic reac-
tivation may depend partly on metabolic or vascular 
recovery (supported more strongly by BJ) rather than 
pure phosphagen replenishment (CR). Consistent with 
this interpretation, the relatively wide 95% confidence 
intervals observed for post-session HRV and blood 
lactate outcomes indicate substantial inter-individual 
variability, which highlights inter-individual variability 
and underscores the importance of interpreting 
group-level effects alongside individual-response 
patterns.

Overall, these findings indicate that BJ was asso-
ciated with more consistent group-level and 
individual-level modulation in selected physiological 
markers related to oxygenation and autonomic regu-
lation, whereas CR responses appeared more variable 
and context-dependent. In contrast, CR seems to sup-
port performance primarily through metabolic buff-
ering and ATP–PCr restoration (Gutiérrez-Hellín et  al. 
2024), with comparatively limited influence on car-
diovascular or vascular-related parameters under the 
present experimental conditions.

Strengths, limitations, and future directions

This study benefits from a double-blind, within-subject 
crossover design, which reduces inter-individual vari-
ability and enables direct comparison of 
supplement-specific physiological and performance 
responses. The integration of external performance 
metrics (repetition volume, velocity, power) with inter-
nal physiological (SmO2, tHb, peak HR) and auto-
nomic indicators (HRV) provided a comprehensive 
and multidimensional evaluation of each supplement’s 
ergogenic profile. The use of real-time NIRS-based 
oxygenation monitoring offered novel insight into 
peripheral and more local physiological regulation 
during resistance exercise, while HRV analysis cap-
tured more holistic autonomic recovery dynamics. A 
further methodological strength is the incorporation 
of an individual response modulation analysis, adding 
practical relevance by moving beyond conventional 
mean-based statistics to assess responsiveness at the 
individual level, thereby enhancing sensitivity to phys-
iological variability, ecological effectiveness, and 
real-world applicability of supplementation strategies. 
Moreover, the short-term supplementation framework 
improves ecological validity, reflecting realistic usage 
patterns frequently employed during intensified 
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training blocks, pre-competition phases, or 
recovery-oriented microcycles.

However, several limitations should be acknowledged. 
First, the relatively small and homogeneous sample of 
resistance-trained males limits the generalisability of the 
findings. Consequently, the results should be interpreted 
as exploratory and hypothesis-generating rather than 
confirmatory, and future studies should include more 
diverse populations (e.g. females, older adults, youth 
athletes, and elite athletes). Second, participants were 
classified as novice resistance-trained, which likely influ-
enced both absolute performance levels and 
inter-individual variability. The relatively low repetition 
volumes observed in this cohort, particularly in BP, 
may reflect ongoing neuromuscular adaptation and tech-
nical learning processes. Because recent estimates of 
mean repetitions indicate higher repetition capacities at 
comparable relative loads, the present findings regarding 
repetition volume may underestimate absolute perfor-
mance potential and should be interpreted with caution 
and not generalised to advanced trained subject. Future 
research should incorporate participants with broader 
training backgrounds. Third, the short supplementation 
period represents an important limitation, as it pre-
cludes conclusions regarding chronic adaptations or 
long-term training effects. Accordingly, the observed 
responses should be interpreted as short-term physio-
logical and performance modulations rather than stable 
ergogenic adaptations.

Fourth, mechanistic inferences remain indirect, as 
no biochemical verification (e.g. plasma nitrate/nitrite, 
intramuscular PCr) was performed. Additionally, 
because SME values were derived from external reli-
ability studies rather than condition-specific test–retest 
data in the present sample, modulation prevalence 
estimates should be interpreted cautiously as approx-
imations of “true” individual responses.

Taken together, these limitations indicate that the 
present findings are context-specific and should not 
be interpreted as definitive evidence of supplement 
superiority across populations, training phases, or 
long-term performance outcomes. Future studies 
should integrate biochemical validation, longer inter-
vention periods, and more heterogeneous samples, 
and should examine inter-individual responsiveness, 
potential co-supplementation effects, and adaptation 
dynamics across periodized training models.

Practical implications

Although the study design does not allow general 
statements about population-level effectiveness or the 
probability of benefit, the present findings provide 

preliminary indications that may guide practitioners 
in applied settings, while requiring cautious interpre-
tation. In applied sport and training contexts, creatine 
appears most useful during phases demanding high 
power output, repetition capacity, or sustained 
phosphagen-driven performance, such as hypertrophy 
blocks, maximal strength development, or high-intensity 
anaerobic protocols. Beetroot juice, by contrast, 
appears particularly suited to training phases charac-
terised by elevated metabolic stress, reduced recovery 
windows, or high session frequency, where cardiovas-
cular efficiency, oxygen transport, and autonomic sta-
bility are key performance-limiting factors (e.g. 
tapering, metabolic conditioning, return-to-training, 
or deload weeks).

The modulation prevalence analysis further high-
light that supplementation effects are not uniform 
across individuals. Some participants exhibited more 
pronounced responses to BJ in physiological markers 
such as SmO2, RMSSD, and peak HR, while others 
responded preferentially to CR in performance outputs 
such as repetition preservation or velocity mainte-
nance. This underscores the importance of monitoring 
individual responsiveness through objective markers 
(e.g. SmO2, HRV, peak HR, velocity profiles) rather 
than relying exclusively on mean group-based 
outcomes.

Therefore, practitioners are encouraged to combine 
physiological monitoring (mNIRS, HRV, peak HR) 
with performance-based tracking (velocity, repetition 
loss, fatigue index) not to categorise athletes rigidly 
as responders or non-responders, but to inform indi-
vidualised and dynamic adjustments to supplementa-
tion and training plans according to each athlete’s 
evolving response profile. CR may be prioritised when 
the goal is to enhance mechanical output, anaerobic 
work tolerance, and phosphagen dominance. 
Conversely, BJ may be favoured when the objective 
is to support autonomic resilience, cardiovascular effi-
ciency, oxygenation-based fatigue management, or 
recovery stability.

Given the exploratory nature of these findings, fur-
ther research is needed to better understand 
inter-individual responsiveness, possible interactions 
or combined effects of BJ and CR (e.g. additive or 
antagonist ic  mechanisms) ,  and w hether 
co-supplementation may yield distinct ergogenic pro-
files. Long-term studies are also warranted to examine 
sustained efficacy, adaptation over chronic training 
cycles, and any potential side effects associated with 
repeated or prolonged supplementation use. Thus, 
supplement selection in practice should be driven not 
only by immediate performance outcomes but also by 
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the targeted physiological adaptations and athletes’ 
individual responsiveness profiles.

Conclusion

Short-term supplementation with creatine (CR) and 
beetroot juice (BJ) was associated with improvements 
in resistance exercise performance, but through distinct 
physiological mechanisms. CR appeared to be more 
closely related to changes in repetition volume and 
phosphagen-dependent power output, particularly at 
higher intensities, consistent with its role in phospho-
creatine availability, ATP resynthesis, and metabolic 
buffering. In contrast, BJ was associated with more 
pronounced changes in intramuscular oxygen satura-
tion, cardiovascular strain, and indices of parasympa-
thetic regulation, suggesting a potential role in vascular 
and autonomic responses during resistance exercise.

Importantly, modulation prevalence analyses indi-
cated that BJ more frequently elicited meaningful 
individual changes in SmO2, peak HR, and RMSSD 
compared with CR, whereas CR responses were more 
evident in performance-related outcomes. These diver-
gent response profiles suggest that CR and BJ may 
influence different physiological domains under 
short-term supplementation conditions. Accordingly, 
supplement selection may be informed by targeted 
physiological outcomes and individual response pat-
terns rather than performance measures alone.

Acknowledgment

The authors would like to thank ReachSci Society for their 
support and assistance. This work was conducted as part of 
the Mini-PhD Programme 2024: Food Science & Nutrition

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

Data availability statement

Data associated with this paper can be produced on request 
from the first author.

ORCID

Piotr Zmijewski  http://orcid.org/0000-0002-5570-9573

References

Ammar A et al. 2018. Effects of pomegranate supplementation 
on exercise performance and post-exercise recovery in 
healthy adults: a systematic review. Br J Nutr. 120(11):1201–
1216. https://doi.org/10.1017/S0007114518002696

Ammar A et al. 2024b. Unveiling the acute neurophysio-
logical responses to strength training: an exploratory 
study on novices performing weightlifting bouts with 
different motor learning models. Biol Sport. 41(2):249–
274. https://doi.org/10.5114/biolsport.2024.133481

Ammar A et al. 2021. Four weeks of detraining induced 
by COVID-19 reverse cardiac improvements from eight 
weeks of fitness-dance training in older adults with mild 
cognitive impairment. Int J Environ Res Public Health. 
18(11):5930. https://doi.org/10.3390/ijerph18115930

Ammar A, Chtourou H, Souissi N. 2017. Effect of time of 
day on biochemical markers in response to physical ex-
ercise. J Strength Cond Res. 31(1):272–282. https://doi.
org/10.1519/JSC.0000000000001481

Ammar A et al. 2015. Temporal specificity of training: 
intra-day effects on biochemical responses and Olympic 
weightlifting performances. J Sports Sci. 33(4):358–368. 
https://doi.org/10.1080/02640414.2014.944559

Ammar A, Salem A, Simak ML, Horst F, Schöllhorn WI. 
2025. Acute effects of motor learning models on techni-
cal efficiency in strength-coordination exercises: a com-
parative analysis of Olympic snatch biomechanics in 
beginners. Biol Sport. 42(1):151–161. https://doi.
org/10.5114/biolsport.2025.141662

Ammar A, Simak ML, Salem A, Horst F, Schöllhorn WI. 
2024a. Unveiling individuality in the early phase of mo-
tor learning: a machine learning approach for analysing 
weightlifting technique in novices. Front Bioeng 
Biotechnol. 12:1426058. https://doi.org/10.3389/fbioe. 
2024.1426058

Atkinson G, Batterham AM. 2015. True and false interin-
dividual differences in the physiological response to an 
intervention. Exp Physiol. 100(6):577–588. https://doi.
org/10.1113/EP085070

Bailey SJ et al. 2010. Dietary nitrate supplementation en-
hances muscle contractile efficiency during knee-extensor 
exercise in humans. J Appl Physiol (1985). 109(1):135–
148. https://doi.org/10.1152/japplphysiol.00046.2010

Bailey SJ et al. 2009. Dietary nitrate supplementation re-
duces the O2 cost of low-intensity exercise and enhanc-
es tolerance to high-intensity exercise in humans. J Appl 
Physiol (1985). 107(4):1144–1155. https://doi.org/10.1152/
japplphysiol.00722.2009

Benjamim CJR et al. 2021. Beetroot (Beta vulgaris L.) ex-
tract acutely improves heart rate variability recovery fol-
lowing strength exercise: a randomized, double-blind, 
placebo-controlled crossover trial–pilot study. J Am Coll 
Nutr. 40(4):307–316. https://doi.org/10.1080/07315724.20
20.1774441

Boushel R, Piantadosi C. 2000. Near-infrared spectroscopy 
for monitoring muscle oxygenation. Acta Physiol Scand. 
168(4):615–622. https://doi.org/10.1046/j.1365-201x. 
2000.00713.x

Brown LE, Weir JP. 2001. ASEP procedures recommendation 
I: accurate assessment of muscular strength and power. 
J Exerc Physiol Online. 4(3):1–21.

http://orcid.org/0000-0002-5570-9573
https://doi.org/10.1017/S0007114518002696
https://doi.org/10.5114/biolsport.2024.133481
https://doi.org/10.3390/ijerph18115930
https://doi.org/10.1519/JSC.0000000000001481
https://doi.org/10.1519/JSC.0000000000001481
https://doi.org/10.1080/02640414.2014.944559
https://doi.org/10.5114/biolsport.2025.141662
https://doi.org/10.5114/biolsport.2025.141662
https://doi.org/10.3389/fbioe.2024.1426058
https://doi.org/10.3389/fbioe.2024.1426058
https://doi.org/10.1113/EP085070
https://doi.org/10.1113/EP085070
https://doi.org/10.1152/japplphysiol.00046.2010
https://doi.org/10.1152/japplphysiol.00722.2009
https://doi.org/10.1152/japplphysiol.00722.2009
https://doi.org/10.1080/07315724.2020.1774441
https://doi.org/10.1080/07315724.2020.1774441
https://doi.org/10.1046/j.1365-201x.2000.00713.x
https://doi.org/10.1046/j.1365-201x.2000.00713.x


176 A. AMMAR ET AL.

Buchheit M et al. 2010. Monitoring endurance running 
performance using cardiac parasympathetic function. Eur 
J Appl Physiol. 108(6):1153–1167. https://doi.org/10.1007/
s00421-012-2376-y

Buchheit M, Papelier Y, Laursen PB, Ahmaidi S. 2007. 
Noninvasive assessment of cardiac parasympathetic func-
tion: postexercise heart rate recovery or heart rate vari-
ability? Am J Physiol Heart Circ Physiol. 293(1):H8–10. 
https://doi.org/10.1152/ajpheart.00335.2007

Buford TW et al. 2007. International Society of Sports 
Nutrition position stand: creatine supplementation and 
exercise. J Int Soc Sports Nutr. 4(1):6. https://doi.
org/10.1186/1550-2783-4-6

Candow DG et al. 2019. Variables influencing the effective-
ness of creatine supplementation as a therapeutic inter-
vention for sarcopenia. Front Nutr. 6:124. https://doi.
org/10.3389/fnut.2019.00124

Celik B, Muriuki E, Kuhnle GGC, Spencer JPE, Mills CE. 
2026. The impact of inorganic nitrate on endothelial 
function: a systematic review of randomised controlled 
trials and meta-analysis. Nutr Rev. 84(1):36–46. https://
doi.org/10.1093/nutrit/nuaf132

Chen L, Zhu Y, Hu Z, Wu S, Jin C. 2021. Beetroot as a 
functional food with huge health benefits: antioxidant, 
antitumor, physical function, and chronic metabolomics 
activity. Food Sci Nutr. 9(11):6406–6420. https://doi.
org/10.1002/fsn3.2577

Cohen J.  2013. Statistical power analysis for the behavior-
al sciences. Routledge.

Conceição F, Fernandes J, Lewis M, Gonzaléz-Badillo JJ, 
Jimenéz-Reyes P. 2016. Movement velocity as a measure 
of exercise intensity in three lower limb exercises. J 
Sports Sci. 34(12):1099–1106. https://doi.org/10.1080/02
640414.2015.1090010

Coswig VS et al. 2020. Effects of high vs moderate-intensity 
intermittent training on functionality, resting heart rate 
and blood pressure of elderly women. J Transl Med. 
18(1):88. https://doi.org/10.1186/s12967-020-02261-

Coswig V et al. 2019. Assessing the validity of the MyJUMP2 
app for measuring different jumps in professional cerebral 
palsy football players: an experimental study. JMIR 
Mhealth Uhealth. 7(1):e11099. https://doi.org/10. 
2196/11099

Crum EM, O’Connor WJ, Van Loo L, Valckx M, Stannard 
SR. 2017. Validity and reliability of the Moxy oxygen 
monitor during incremental cycling exercise. Eur J Sport 
Sci. 17(8):1037–1043. https://doi.org/10.1080/17461391.2
017.1330899

Daab W et al. 2021. Chronic beetroot juice supplementation 
accelerates recovery kinetics following simulated match 
play in soccer players. J Am Coll Nutr. 40(1):61–69. 
https://doi.org/10.1080/07315724.2020.1735571

de Araujo Bonetti de Poli R et al. 2019. Creatine supple-
mentation improves phosphagen energy pathway during 
supramaximal effort, but does not improve anaerobic 
capacity or performance. Front Physiol. 10:352. https://
doi.org/10.3389/fphys.2019.00352

de Oliveira GV, do Nascimento LAD, Volino-Souza M, 
Mesquita JS, Alvares TS. 2018. Beetroot-based gel sup-
plementation improves handgrip strength and forearm 
muscle O2 saturation but not exercise tolerance and blood 

volume in jiu-jitsu athletes. Appl Physiol Nutr Metab. 
43(9):920–927. https://doi.org/10.1139/apnm-2017-0828

Domínguez R et al. 2017. Effects of beetroot juice supple-
mentation on cardiorespiratory endurance in athletes: a 
systematic review. Nutrients. 9(1):43. https://doi.
org/10.3390/nu9010043

Dong JG. 2016. The role of heart rate variability in sports 
physiology. Exp Ther Med. 11(5):1531–1536. https://doi.
org/10.3892/etm.2016.3104

Earnest CP, Snell PG, Rodriguez R, Almada AL, Mitchell 
TL. 1995. The effect of creatine monohydrate ingestion 
on anaerobic power indices, muscular strength and body 
composition. Acta Physiol Scand. 153(2):207–209. https://
doi.org/10.1111/j.1748-1716.1995.tb09854.x

Ferguson SK et al. 2013. Impact of dietary nitrate supple-
mentation via beetroot juice on exercising muscle vas-
cular control in rats. J Physiol. 591(2):547–557. https://
doi.org/10.1113/jphysiol.2012.243121

Feuerbacher JF et al. 2023. Validity and test–retest reliabil-
ity of the Vmaxpro sensor for evaluation of movement 
velocity in the deep squat. J Strength Cond Res. 37(1):35–
40. https://doi.org/10.1519/JSC.0000000000004207

Flanagan SD et al. 2016. The effects of nitrate-rich supple-
mentation on neuromuscular efficiency during heavy 
resistance exercise. J Am Coll Nutr. 35(2):100–107. 
https://doi.org/10.1080/07315724.2015.1081572

Forsyth J, Farrally M. 2000. A comparison of lactate con-
centration in plasma collected from the toe, ear, and 
fingertip after a simulated rowing exercise. Br J Sports 
Med. 34(1):35–38. https://doi.org/10.1136/bjsm.34.1.35

Francaux M, Demeure R, Goudemant JF, Poortmans JR. 
2000. Effect of exogenous creatine supplementation on 
muscle PCr metabolism. Int J Sports Med. 21(2):139–145. 
https://doi.org/10.1055/s-2000-11065

Fulford J et al. 2013. Influence of dietary nitrate supple-
mentation on human skeletal muscle metabolism and 
force production during maximum voluntary contrac-
tions. Pflugers Arch. 465(4):517–528. https://doi.
org/10.1007/s00424-013-1220-5

Gallardo EJ, Coggan AR. 2019. What is in your beet juice? 
Nitrate and nitrite content of beet juice products mar-
keted to athletes. Int J Sport Nutr Exerc Metab. 29(4):345–
349–349. https://doi.org/10.1123/ijsnem.2018-0223

Gao C et al. 2021. The effects of dietary nitrate supplemen-
tation on endurance exercise performance and cardiore-
spiratory measures in healthy adults: a systematic review 
and meta-analysis. J Int Soc Sports Nutr. 18(1):55. https://
doi.org/10.1186/s12970-021-00450-4

Garnacho-Castaño MV et al. 2022. Circulating nitrate–ni-
trite reduces oxygen uptake for improving resistance 
exercise performance after rest time in well-trained 
CrossFit athletes. Sci Rep. 12(1):9671. https://doi.
org/10.1038/s41598-022-13786-x

Głowacz J et al. 2025. Beetroot juice as a natural ergogen-
ic supplement: a literature review of its effects on phys-
ical performance and training adaptation. Qual Sport. 
39:59096–59096. https://doi.org/10.12775/QS.2025. 
39.59096

Gobbo HR, Barbosa GM, de Oliveira LC, de Oliveira GV. 
2024. The effect of different resistance training protocols 
on cardiac autonomic modulation during exercise recov-

https://doi.org/10.1007/s00421-012-2376-y
https://doi.org/10.1007/s00421-012-2376-y
https://doi.org/10.1152/ajpheart.00335.2007
https://doi.org/10.1186/1550-2783-4-6
https://doi.org/10.1186/1550-2783-4-6
https://doi.org/10.3389/fnut.2019.00124
https://doi.org/10.3389/fnut.2019.00124
https://doi.org/10.1093/nutrit/nuaf132
https://doi.org/10.1093/nutrit/nuaf132
https://doi.org/10.1002/fsn3.2577
https://doi.org/10.1002/fsn3.2577
https://doi.org/10.1080/02640414.2015.1090010
https://doi.org/10.1080/02640414.2015.1090010
https://doi.org/10.1186/s12967-020-02261-
https://doi.org/10.2196/11099
https://doi.org/10.2196/11099
https://doi.org/10.1080/17461391.2017.1330899
https://doi.org/10.1080/17461391.2017.1330899
https://doi.org/10.1080/07315724.2020.1735571
https://doi.org/10.3389/fphys.2019.00352
https://doi.org/10.3389/fphys.2019.00352
https://doi.org/10.1139/apnm-2017-0828
https://doi.org/10.3390/nu9010043
https://doi.org/10.3390/nu9010043
https://doi.org/10.3892/etm.2016.3104
https://doi.org/10.3892/etm.2016.3104
https://doi.org/10.1111/j.1748-1716.1995.tb09854.x
https://doi.org/10.1111/j.1748-1716.1995.tb09854.x
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1519/JSC.0000000000004207
https://doi.org/10.1080/07315724.2015.1081572
https://doi.org/10.1136/bjsm.34.1.35
https://doi.org/10.1055/s-2000-11065
https://doi.org/10.1007/s00424-013-1220-5
https://doi.org/10.1007/s00424-013-1220-5
https://doi.org/10.1123/ijsnem.2018-0223
https://doi.org/10.1186/s12970-021-00450-4
https://doi.org/10.1186/s12970-021-00450-4
https://doi.org/10.1038/s41598-022-13786-x
https://doi.org/10.1038/s41598-022-13786-x
https://doi.org/10.12775/QS.2025.39.59096
https://doi.org/10.12775/QS.2025.39.59096


International Journal of Food Sciences and Nutrition 177

ery: a crossover, randomized, and controlled pilot study. 
JVD. 3(4):375–384. https://doi.org/10.3390/jvd3040029

González-Badillo JJ, Sánchez-Medina L. 2010. Movement 
velocity as a measure of loading intensity in resistance 
training. Int J Sports Med. 31(5):347–352. https://doi.
org/10.1055/s-0030-1248333

Goodwin ML, Harris JE, Hernández A, Gladden LB. 2007. 
Blood lactate measurements and analysis during exercise: 
a guide for clinicians. J Diabetes Sci Technol. 1(4):558–
569. https://doi.org/10.1177/193229680700100414

Govoni M, Jansson EÅ, Weitzberg E, Lundberg JO. 2008. 
The increase in plasma nitrite after a dietary nitrate load 
is markedly attenuated by an antibacterial mouthwash. 
Nitric Oxide. 19(4):333–337. https://doi.org/10.1016/j.
niox.2008.08.003

Greenhaff PL, Bodin K, Soderlund K, Hultman E. 1994. 
Effect of oral creatine supplementation on skeletal mus-
cle phosphocreatine resynthesis. Am J Physiol. 266(5 Pt 
1 ) :E725–E730 .  ht tps : / /doi .org/10 .1152/ajp en -
do.1994.266.5.E725

Greenhaff PL et al. 1993. Influence of oral creatine supple-
mentation on muscle torque during repeated bouts of 
maximal voluntary exercise in man. Clin Sci (Lond). 
84(5):565–571. https://doi.org/10.1042/cs0840565

Gutiérrez-Hellín J et al. 2024. Creatine supplementation 
beyond athletics: benefits of different types of creatine 
for women, vegans, and clinical populations—A narrative 
review. Nutrients. 17(1):95. https://doi.org/10.3390/
nu17010095

Haff GG, Triplett NT. 2016. Essentials of strength training 
and conditioning. 4th ed. Human Kinetics/NSCA.

Hagerman FC et al. 2000. Effects of high-intensity resistance 
training on untrained older men. I. Strength, cardiovas-
cular, and metabolic responses. J Gerontol A Biol Sci 
Med Sci. 55(7):B336–B346. https://doi.org/10.1093/
gerona/55.7.b336

Hecksteden A et al. 2015. Individual response to exercise 
training: a statistical perspective. J Appl Physiol (1985). 
118(12):1450–1459. https://doi.org/10.1152/japplphysi-
ol.00714.2014

Hopkins WG. 2000. Measures of reliability in sports med-
icine and science. Sports Med. 30(1):1–15. https://doi.
org/10.2165/00007256-200030010-00001

Jones L et al. 2022. The effect of nitrate-rich beetroot juice 
on markers of exercise-induced muscle damage: a sys-
tematic review and meta-analysis of human intervention 
trials. J Diet Suppl. 19(6):749–771. https://doi.org/10.10
80/19390211.2021.1939472

Jurado-Castro JM et al. 2022. Beetroot juice produces 
changes in heart rate variability and reduces internal load 
during resistance training in men: a randomized 
double-blind crossover. Nutrients. 14(23):5119. https://
doi.org/10.3390/nu14235119

Kassambara, A. 2019. rstatix: Pipe-friendly framework for 
basic statistical testsCRAN: Contributed Packages.

Kraemer WJ, Ratamess NA. 2004. Fundamentals of resis-
tance training: progression and exercise prescription. Med 
Sci Sports Exerc. 36(4):674–688. https://doi.org/10.1249/01.
mss.0000121945.36635.61

Kreider RB et al. 2017. International Society of Sports 
Nutrition position stand: safety and efficacy of creatine 

supplementation in exercise, sport, and medicine. J Int 
Soc Sports Nutr. 14(1):18. https://doi.org/10.1186/
s12970-017-0173-z

Lanhers C et al. 2017. Creatine supplementation and upper 
limb strength performance: a systematic review and 
meta-analysis. Sports Med. 47(1):163–173. https://doi.
org/10.1007/s40279-016-0571-4

Lechner S et al. 2023. Monitoring training load in youth 
soccer players: effects of a six-week preparatory training 
program and the association between external and in-
ternal loads. Biol Sport. 40(1):63–75. https://doi.
org/10.5114/biolsport.2023.112094

Lundberg JO, Weitzberg E, Gladwin MT. 2008. The nitrate–
nitrite–nitric oxide pathway in physiology and therapeu-
tics. Nat Rev Drug Discov. 7(2):156–167. https://doi.
org/10.1038/nrd2466

Martinez MW et al. 2021. Exercise-induced cardiovascular 
adaptations and approach to exercise and cardiovascular 
disease: JACC state-of-the-art review. J Am Coll Cardiol. 
78(14):1453–1470. https://doi.org/10.1016/j.jacc. 
2021.08.003

Martinez RM et al. 2024. Betalains: a narrative review on 
pharmacological mechanisms supporting the nutraceuti-
cal potential towards health benefits. Foods. 13(23):3909. 
https://doi.org/10.3390/foods13233909

Mert KU, Ilgüy S, Dural M, Mert GÖ, Özakin E. 2017. 
Effects of creatine supplementation on cardiac autonom-
ic functions in bodybuilders. Pacing Clin Electrophysiol. 
40(6):721–727. https://doi.org/10.1111/pace.13096

Mosher SL, Sparks SA, Williams EL, Bentley DJ, Mc 
Naughton LR. 2016. Ingestion of a nitric oxide enhanc-
ing supplement improves resistance exercise performance. 
J Strength Cond Res. 30(12):3520–3524. https://doi.
org/10.1519/JSC.0000000000001437

Mueller BJ, Roberts MD, Mobley CB, Judd RL, Kavazis AN. 
2024. Nitric oxide in exercise physiology: past and pres-
ent perspectives. Front Physiol. 15:1504978. https://doi.
org/10.3389/fphys.2024.1504978

Negro M et al. 2022. Effects of a single dose of a 
creatine-based multi-ingredient pre-workout supplement 
compared to creatine alone on performance fatigability 
after resistance exercise: a double-blind crossover design 
study. Front Nutr. 9:887523. https://doi.org/10.3389/
fnut.2022.887523

Noguchi K et al. 2011. nparLD: nonparametric analysis of 
longitudinal data in factorial experiments. R package 
version, 1.

Nuzzo JL, Pinto MD, Nosaka K, Steele J. 2024. Maximal 
number of repetitions at percentages of the one repetition 
maximum: a meta-regression and moderator analysis of 
sex, age, training status, and exercise. Sports Med. 
54(2):303–321. https://doi.org/10.1007/s40279-023-01937-7

Olas B. 2024. The cardioprotective role of nitrate-rich veg-
etables. Foods. 13(5):691. https://doi.org/10.3390/
foods13050691

Poon ET-C et al. 2025. Dietary nitrate supplementation and 
exercise performance: an umbrella review of 20 published 
systematic reviews with meta-analyses. Sports Med. 
55(5):1213–1231. https://doi.org/10.1007/s40279- 
025-02194-6

R Core Team. 2020. R: A language and environment for 
statistical computing.

https://doi.org/10.3390/jvd3040029
https://doi.org/10.1055/s-0030-1248333
https://doi.org/10.1055/s-0030-1248333
https://doi.org/10.1177/193229680700100414
https://doi.org/10.1016/j.niox.2008.08.003
https://doi.org/10.1016/j.niox.2008.08.003
https://doi.org/10.1152/ajpendo.1994.266.5.E725
https://doi.org/10.1152/ajpendo.1994.266.5.E725
https://doi.org/10.1042/cs0840565
https://doi.org/10.3390/nu17010095
https://doi.org/10.3390/nu17010095
https://doi.org/10.1093/gerona/55.7.b336
https://doi.org/10.1093/gerona/55.7.b336
https://doi.org/10.1152/japplphysiol.00714.2014
https://doi.org/10.1152/japplphysiol.00714.2014
https://doi.org/10.2165/00007256-200030010-00001
https://doi.org/10.2165/00007256-200030010-00001
https://doi.org/10.1080/19390211.2021.1939472
https://doi.org/10.1080/19390211.2021.1939472
https://doi.org/10.3390/nu14235119
https://doi.org/10.3390/nu14235119
https://doi.org/10.1249/01.mss.0000121945.36635.61
https://doi.org/10.1249/01.mss.0000121945.36635.61
https://doi.org/10.1186/s12970-017-0173-z
https://doi.org/10.1186/s12970-017-0173-z
https://doi.org/10.1007/s40279-016-0571-4
https://doi.org/10.1007/s40279-016-0571-4
https://doi.org/10.5114/biolsport.2023.112094
https://doi.org/10.5114/biolsport.2023.112094
https://doi.org/10.1038/nrd2466
https://doi.org/10.1038/nrd2466
https://doi.org/10.1016/j.jacc.2021.08.003
https://doi.org/10.1016/j.jacc.2021.08.003
https://doi.org/10.3390/foods13233909
https://doi.org/10.1111/pace.13096
https://doi.org/10.1519/JSC.0000000000001437
https://doi.org/10.1519/JSC.0000000000001437
https://doi.org/10.3389/fphys.2024.1504978
https://doi.org/10.3389/fphys.2024.1504978
https://doi.org/10.3389/fnut.2022.887523
https://doi.org/10.3389/fnut.2022.887523
https://doi.org/10.1007/s40279-023-01937-7
https://doi.org/10.3390/foods13050691
https://doi.org/10.3390/foods13050691
https://doi.org/10.1007/s40279-025-02194-6
https://doi.org/10.1007/s40279-025-02194-6


178 A. AMMAR ET AL.

Raimundo RD et al. 2025. Beetroot supplementation as a 
nutritional strategy to support post-exercise autonomic 
recovery in postmenopausal women: a systematic review 
and meta-analysis. Healthcare (Basel). 13(19):2496. 
https://doi.org/10.3390/healthcare13192496

Ranchal-Sánchez A et al. 2020. Acute effects of beetroot 
juice supplements on resistance training: a randomized 
double-blind crossover. Nutrients. 12(7):1912. https://doi.
org/10.3390/nu12071912

Rawson ES, Volek JS. 2003. Effects of creatine supplemen-
tation and resistance training on muscle strength and 
weightlifting performance. J Strength Cond Res. 
17(4):822–831. https://doi.org/10.1519/00124278- 
200311000-00031

Ribeiro F et al. 2021. Timing of creatine supplementation 
around exercise: a real concern? Nutrients. 13(8):2844. 
https://doi.org/10.3390/nu13082844

Rodríguez-Fernández A, Castillo D, Raya-González J, 
Domínguez R, Bailey SJ. 2021. Beetroot juice supplemen-
tation increases concentric and eccentric muscle power 
output. J Sci Med Sport. 24(1):80–84. https://doi.
org/10.1016/j.jsams.2020.05.018

Rojano-Ortega D, Peña Amaro J, Berral-Aguilar AJ, 
Berral-de la Rosa FJ. 2022. Effects of beetroot supple-
mentation on recovery after exercise-induced muscle 
damage: a systematic review. Sports Health. 14(4):556–
565. https://doi.org/10.1177/19417381211036412

Rossiter HB, Cannell ER, Jakeman PM. 1996. The effect of 
oral creatine supplementation on the 1000-m perfor-
mance of competitive rowers. J Sports Sci. 14(2):175–179. 
https://doi.org/10.1080/02640419608727699

Sahlin K. 2014. Muscle energetics during explosive activities 
and potential effects of nutrition and training. Sports 
Med. 44 Suppl 2(Suppl. 2):S167–S173. https://doi.
org/10.1007/s40279-014-0256-9

Salem A et al. 2025b. Short-term beetroot juice supplemen-
tation enhances strength, reduces fatigue, and promotes 
recovery in physically active individuals: a randomized, 
double-blind, crossover trial. Nutrients. 17(10):1720. 
https://doi.org/10.3390/nu17101720

Salem A et al. 2025c. Short-term creatine supplementation 
enhances strength, reduces fatigue, and accelerates recovery 
in resistance-trained athletes: a double-blind, randomized, 
crossover trial. J Int Soc Sports Nutr. 22(sup1):2617283. 
https://doi.org/10.1080/15502783.2026.2617283

Salem A et al. 2025a. Acute effects of beetroot juice vs. 
creatine supplementation on maximal strength, autonom-
ic regulation, and muscle oxygenation during incremen-
tal resistance exercise. Biol Sport. 42(4):241–259. https://
doi.org/10.5114/biolsport.2025.151658

Santos RVT, Bassit RA, Caperuto EC, Costa Rosa LFBP. 
2004. The effect of creatine supplementation upon in-
flammatory and muscle soreness markers after a 30 km 
race. Life Sci. 75(16):1917–1924. https://doi.org/10.1016/j.
lfs.2004.05.014

Seguin R, Nelson ME. 2003. The benefits of strength train-
ing for older adults. Am J Prev Med. 25(3 Suppl 2):141–
149. https://doi.org/10.1016/s0749-3797(03)00177-6

Shaffer F, Ginsberg JP. 2017. An overview of heart rate 
variability metrics and norms. Front Public Health. 5:258. 
https://doi.org/10.3389/fpubh.2017.00258

Singmann H et al. 2016. Afex: analysis of factorial exper-
iments (Version R package version 0.16-1). Retrieved 
from CRAN R-project org/package=afex.

Strasser B, Schobersberger W. 2011. Evidence for resistance 
training as a treatment therapy in obesity. J Obes. 
2011:1–9. https://doi.org/10.1155/2011/482564

Tan R et al. 2023. Effects of dietary nitrate supplementation 
on back squat and bench press performance: a system-
atic review and meta-analysis. Nutrients. 15(11):2493. 
https://doi.org/10.3390/nu15112493

Tomcik KA et al. 2018. Effects of creatine and carbohydrate 
loading on cycling time trial performance. Med Sci Sports 
Exerc. 50(1):141–150. https://doi.org/10.1249/MSS.000000 
0000001401

Varshney K, Mishra K. 2022. An analysis of health benefits 
of beetroot. IJIREM. 9:207–210. https://doi.org/10.55524/
ijirem.2022.9.1.39

Volek JS et al. 1997. Creatine supplementation enhances 
muscular performance during high-intensity resistance 
exercise. J Am Diet Assoc. 97(7):765–770. https://doi.
org/10.1016/S0002-8223(97)00189-2

Volino-Souza M, de Oliveira GV, Barros-Santos E, 
Conte-Junior CA, Alvares TS. 2020. The impact of beet-
root juice intake on muscle oxygenation and performance 
during rhythmic handgrip exercise. PharmaNutrition. 
14:100215. https://doi.org/10.1016/j.phanu.2020.100215

Vondrasek JD, Riemann BL, Grosicki GJ, Flatt AA. 2023. 
Validity and efficacy of the Elite HRV smartphone ap-
plication during slow-paced breathing. Sensors. 
23(23):9496. https://doi.org/10.3390/s23239496

Wang Z et al. 2024. Effects of creatine supplementation and 
resistance training on muscle strength gains in adults 
under 50 years of age: a systematic review and 
meta-analysis. Nutrients. 16(21):3665. https://doi.
org/10.3390/nu16213665

Wax B et al. 2021. Creatine for exercise and sports perfor-
mance, with recovery considerations for healthy popula-
tions. Nutrients. 13(6):1915. https://doi.org/10.3390/
nu13061915

Williams TD, Martin MP, Mintz JA, Rogers RR, Ballmann 
CG. 2020. Effect of acute beetroot juice supplementation 
on bench press power, velocity, and repetition volume. J 
Strength Cond Res. 34(4):924–928. https://doi.org/10.1519/
JSC.0000000000003509

Wong TH, Ooi DSQ, Burns SF. 2025. Five-day supplemen-
tation with an isotonic beetroot juice drink improves sprint 
interval exercise and muscle oxygenation in physically 
active individuals: a randomized crossover trial. Beverages. 
11(4):97. https://doi.org/10.3390/beverages11040097

https://doi.org/10.3390/healthcare13192496
https://doi.org/10.3390/nu12071912
https://doi.org/10.3390/nu12071912
https://doi.org/10.1519/00124278-200311000-00031
https://doi.org/10.1519/00124278-200311000-00031
https://doi.org/10.3390/nu13082844
https://doi.org/10.1016/j.jsams.2020.05.018
https://doi.org/10.1016/j.jsams.2020.05.018
https://doi.org/10.1177/19417381211036412
https://doi.org/10.1080/02640419608727699
https://doi.org/10.1007/s40279-014-0256-9
https://doi.org/10.1007/s40279-014-0256-9
https://doi.org/10.3390/nu17101720
https://doi.org/10.1080/15502783.2026.2617283
https://doi.org/10.5114/biolsport.2025.151658
https://doi.org/10.5114/biolsport.2025.151658
https://doi.org/10.1016/j.lfs.2004.05.014
https://doi.org/10.1016/j.lfs.2004.05.014
https://doi.org/10.1016/s0749-3797(03)00177-6
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1155/2011/482564
https://doi.org/10.3390/nu15112493
https://doi.org/10.1249/MSS.0000000000001401
https://doi.org/10.1249/MSS.0000000000001401
https://doi.org/10.55524/ijirem.2022.9.1.39
https://doi.org/10.55524/ijirem.2022.9.1.39
https://doi.org/10.1016/S0002-8223(97)00189-2
https://doi.org/10.1016/S0002-8223(97)00189-2
https://doi.org/10.1016/j.phanu.2020.100215
https://doi.org/10.3390/s23239496
https://doi.org/10.3390/nu16213665
https://doi.org/10.3390/nu16213665
https://doi.org/10.3390/nu13061915
https://doi.org/10.3390/nu13061915
https://doi.org/10.1519/JSC.0000000000003509
https://doi.org/10.1519/JSC.0000000000003509
https://doi.org/10.3390/beverages11040097

	Beetroot juice or creatine: which yields greater short-term benefits for resistance training capacity, performance and key physiological responses?
	ABSTRACT
	Introduction
	Methods
	Study design and experimental protocol
	Participants
	Supplementation protocols
	Beetroot juice (BJ) protocol
	Creatine (CR) protocol
	Placebo (PLA) condition

	Resistance training sessions and conducted measurements
	Statistical analysis

	Results
	Strength performance
	Repetitions volume
	Peak velocity
	Peak power
	CMJ and SJ

	Muscle oxygenation, total hemoglobin, and peak heart rate
	SmO2
	tHb
	Peak HR

	HRV and blood lactate
	MeanRR
	RMSSD
	SDNN
	LF
	HF
	Blood lactate


	Discussion
	Performance responses: CMJ, SJ, repetitions, velocity, and power
	Physiological responses: Muscle oxygenation, total hemoglobin, and heart rate
	Heart rate variability (HRV) and autonomic recovery
	Individual modulation and practical responsiveness of main physiological outcomes
	Strengths, limitations, and future directions

	Practical implications
	Conclusion
	Acknowledgment
	Disclosure statement
	Funding
	Data availability statement
	ORCID
	References


