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Abstract

Fatigue and reduced energy availability significantly affect athletic performance, and nutri-
tional strategies to maintain carbohydrate and electrolyte levels are critical for delaying
fatigue and preserving endurance. This study aimed to evaluate the effects of carbo-
hydrate and electrolyte (CHO-E) supplementation on sports performance in physically
active individuals. A systematic review and meta-analysis of 26 studies, including ran-
domised and observational designs, was conducted. Four separate analyses examined
the impact of CHO-E supplementation on performance outcomes, metabolic biomarkers,
blood mineral concentrations, and additional performance descriptors. The meta-analysis
showed that CHO-E supplementation significantly increased time to exhaustion (Standard
Mean Difference (SMD) 0.60; 95% confidence interval (CI): 0.17, 1.02; p = 0.006), blood
glucose levels (SMD 0.82; 95% CI: 0.45, 1.19; p < 0.001), and blood sodium levels (SMD 0.22;
95% CI: 0.07, 0.36; p = 0.004) compared to placebo, while no significant effect was observed
for time to finish (SMD −0.07; 95% CI: −0.28, 0.13; p = 0.49). These findings indicate
that CHO-E supplementation during moderate-to-high intensity exercise can enhance
performance by extending endurance and supporting metabolic and electrolyte balance.
Overall, the results support the targeted use of CHO-E supplementation to maintain en-
ergy availability and physiological stability during prolonged physical activity, providing
evidence-based guidance for athletes and practitioners.

Keywords: nutrition; time to exhaustion; heart rate; hydration; metabolic biomarkers

1. Introduction
Sports performance is a multifactorial field influenced by various factors, including

training level, years of experience, physical capacity, environmental conditions, and psy-
chological state, all of which have been identified as key determinants by Yang et al. [1]. In
endurance sports, where events are prolonged over time, performance is primarily defined
by the onset of fatigue. The origin of fatigue may stem from repeated high-intensity efforts,
glycogen depletion, and dehydration [2,3]. Consequently, a significant body of research
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has focused on identifying effective strategies to delay the onset of fatigue and mitigate
its impact on performance. In line with this, one of the most rapidly growing areas of
research in endurance disciplines (such as cycling, triathlon, athletics, and swimming) is the
study of sports supplementation and its potential to delay fatigue and enhance endurance
capacity [4–6].

Glycogen stores in the body are limited, so the demand for this energy substrate,
combined with a lack of an exogenous carbohydrate supply, can lead to a decline in athletic
performance [7]. In this regard, carbohydrate supplementation during exercise has been
shown to improve performance by maintaining blood glucose levels and preserving muscle
glycogen, which is key in endurance sports with high energy demands such as cycling,
triathlon and running [4,8]. Other research has also highlighted its value in team sports
such as football, where the actual duration of a match exceeds 90 min [9]. In his review,
Jeukendrup [10] established recommendations for carbohydrate intake depending on the
duration of the sporting event, with carbohydrate energy intake being recommended for
sports lasting more than one-and-a-half hours and considered necessary to maintain perfor-
mance when the duration exceeds two hours. The recommended amount of carbohydrates
ranges from 60 g/h to 90 g/h, although in sports such as road cycling or long-distance
triathlon, sporting benefits have been reported with intakes of 120 g/h; however, prior
adaptation is recommended to avoid gastrointestinal problems [10].

Electrolytes, especially sodium (Na+), are essential for maintaining water balance,
neuromuscular function and nutrient absorption [11]. Electrolyte loss through sweat can
adversely affect performance, especially in hot conditions or prolonged exercise [12,13].
Excessive electrolyte loss during exercise may be associated with reduced thermoregulatory
capacity, the occurrence of muscle cramps, and a decline in performance [14,15]. In this line
of thought, dehydration exceeding 2% of body mass has been consistently associated with
diminished cardiac output, impaired thermoregulatory capacity, and heightened ratings
of perceived exertion, all of which can significantly attenuate exercise performance [16].
In order to mitigate the negative effects of dehydration on athletic performance, many
researchers recommend the consumption of adequate fluids in conjunction with electrolytes
to preserve plasma volume and sustain the concentration of key ions such as sodium
and magnesium, which are essential for optimal musculoskeletal function. Thus, there
has been an increase in studies using commercial energy drinks, which are a mixture of
carbohydrates, approximately 6%, and essential electrolytes, sodium, magnesium and
potassium. Tambalis [13] identified energy drinks as the most suitable option, although the
author did not consider whether they could improve their effect when accompanied by a
greater quantity of carbohydrates.

The nutritional strategies in endurance sports should not only be limited to carbohy-
drate intake to maintain blood glucose levels; they should also address the replenishment
of electrolytes lost through sweat. Energy drinks containing some carbohydrate and
electrolytes have been shown to be effective in promoting fluid homeostasis, preserving
cardiovascular and thermoregulatory function and preventing disorders such as hypona-
traemia [13]. The efficacy of these CHO-E solutions has been proven in a variety of contexts
such as running, reporting better physical performance compared to placebo situations,
although the carbohydrate intake they provide is well below the recommendations [17]. On
the other hand, Rollo and Williams [18] reported that performance in a one-hour running
test was equal in the CHO-E and placebo groups when the previous carbohydrate intake
was similar, thus generating controversy about the real effect of this type of beverage on
the performance of endurance athletes.

Due to the increasing interest in sports nutrition and nutritional strategies for en-
durance sports, it is necessary to understand what type of in-competition supplementation
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is most appropriate to enhance performance. The aim of the present study was to examine
whether carbohydrate and electrolyte supplementation has a beneficial effect on sports
performance and causes an adaptation in biomarkers and blood mineral concentrations.

2. Materials and Methods
The present study was conducted following the Preferred Reporting Items for Sys-

tematic Reviews and Meta-Analyses (PRISMA) guidelines [19] and was registered in the
international Prospective Register of Systematic Reviews (PROSPERO) (CRD42024618630).
A systematic search was conducted from June 2024 to the 30 September 2024. The consulted
databases were PubMed, Scopus and Web of Science using the following terms: Carbo-
hydrate; electrolyte; sodium; potassium; sport performance; time to exhaustion; cycling;
running; swimming. These concepts were applied using the search operator ‘AND’ in title
and abstract. Bibliographies of relevant papers were screened, and authors were contacted
for missing outcomes if necessary.

2.1. Selection Criteria

Publications were included if they showed the effects of CHO-E ingestion on sports
performance. To be included in the present systematic review, studies had to have satisfied
the following inclusion criteria: (1) randomised or observational studies; (2) outcomes
that include some type of sports performance measurement; (3) articles that give data on
mean and standard deviation of the sports performance measurements; (4) studies carried
out with physically active people; and (5) studies written or translated into English. We
excluded articles that (1) were systematic review articles, meta-analyses or editorials/letters
to the editor; (2) were performed on animals or with children; and (3) did not provide data
on physical performance.

2.2. Study Selection

Following the database search, two authors independently determined whether stud-
ies fulfilled the criteria for inclusion in this review through an examination of titles, abstracts,
keywords and the full text to later include those that did in the meta-analysis (Figure 1). A
standardised form was used to determine the eligibility of retrieved studies. When authors
failed to reach an agreement, a third author was consulted.

2.3. Quality Assessment and Data Extraction

The methodological quality of the included articles was assessed using the PEDro
Scale. This tool was developed to evaluate the internal validity and statistical reporting of
randomised controlled trials. Its content validity and inter-rater reliability have been well
established [20]. The PEDro Scale consists of 11 items, 10 of which contribute to the total
score, assessing criteria such as random allocation, concealed allocation, baseline compa-
rability, blinding, and intention-to-treat analysis. Two independent reviewers conducted
the assessments, and any disagreements were resolved through consultation with a third
reviewer.

Studies could be awarded a maximum score of 10 points and were classified according
to their methodological quality based on the total PEDro score. Scores of 9–10 were
considered to indicate excellent quality, 6–8 good quality, 4–5 fair quality, and 0–3 poor
quality [21]. Quality assessment was independently conducted by two reviewers, and any
discrepancies were resolved through consultation with a third reviewer. The assessment
was completed prior to data extraction. The certainty of evidence was assessed using
the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
framework [22]. Evidence was classified as high, moderate, low, or very low according
to study limitations (risk of bias), indirectness, inconsistency of results or unexplained
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heterogeneity, imprecision, and potential publication bias. The assessment was conducted
independently by two reviewers (AB-S and MR-C), with a third author involved to resolve
any discrepancies that arose (JA-V).

 
Figure 1. Flow diagram of the study selection process.

Data were extracted directly from the full-text articles. Quantitative outcomes were
obtained from both the main text and tables. The extraction process was carried out in-
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dependently by two reviewers (AB-S and MR-C), and any discrepancies were resolved
through consultation with a third reviewer (JA-V). In cases where essential information
was missing, the corresponding authors of the original studies were contacted. Studies that
were duplicates or did not meet the inclusion criteria were excluded. For the studies that
were included, the following variables were extracted: (1) study design and population
characteristics; (2) intervention protocol, including supplementation strategy, supplemen-
tation composition, type of exercise and exercise protocol; and (3) outcome measures,
including time to exhaustion, VO2max consumption, lactate, glucose, blood mineral con-
centration, insulin, glycerol and free fatty acid levels during exercise, plasma volume and
sports performance.

2.4. Statistical Analysis

Four meta-analyses were carried out to analyse the effect of CHO-E: (1) on sports
performance; (2) on metabolic biomarkers; (3) on blood mineral concentrations; and (4) on
other performance descriptors. Meta-analyses and statistical evaluations were conducted
using Review Manager software (RevMan, version 5.3; The Nordic Cochrane Centre,
The Cochrane Collaboration, Copenhagen, Denmark, 2014). Both the chi-square test
and the I2 statistic were applied to evaluate heterogeneity across studies, following the
approach described by Higgins et al. [23]. I2 values of 25%, 50%, and 75% were interpreted
as indicators of low, moderate, and high heterogeneity, respectively. A random-effects
model was employed for data synthesis, utilising the inverse variance method. Effect
sizes for continuous outcomes were calculated as Standard Mean Difference (SMD) with
corresponding 95% confidence intervals (CIs) for the included studies. We pre-specified
three sensitivity analyses: (i) excluding studies with PEDro score < 7; (ii) comparing random-
effects with fixed-effect models; and (iii) leave-one-out analysis to assess individual study
influence on pooled estimates. Statistical significance was defined as a p-value of less
than 0.05.

3. Results
3.1. Literature Search

We found 4948 articles in the consulted databases. First, 4059 duplicates were removed,
28 papers were excluded because they analysed animals, 164 were conferences and books,
234 were reviews and 262 were excluded after reading the titles and abstracts. The final
sample was composed of 26 papers after excluding 175 during the reading of the full text.
Figure 1 shows the flow diagram of the study selection process after the full review.

3.2. Study Characteristics

This systematic review aimed to analyse the effect of CHO-E on sports performance
and included 26 studies: 8 evaluated the time to exhaustion [24–31]; 11 monitored
the performance in a time trial task [32–42]; 20 measured the effect on metabolic biomark-
ers [9,18,25–29,31–33,35,37–39,41–46]; 9 evaluated the effect on blood mineral concentra-
tions [26,30–33,37,39,44,45]; and 24 focused on other performance
indicators [17,18,24–31,33–41,43–47] (Table 1).
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Table 1. Main characteristics of the selected studies for the systematic review (n = 26).

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Ali et al. [43]

To investigate whether
ingestion of a
carbohydrate–electrolyte
solution before and during
prolonged intermittent
high-intensity shuttle running
would have any beneficial
effects on skill performance by
soccer players with reduced
carbohydrate stores.

16 men Soccer 21.3 ± 3.0

- CHO-E group: sports
drink 6.4% of CHO
(21.7 mmol/L Na).

- Placebo group:
sweetened drink
without CHO.

Both groups:

- Before test,
5 mL/kg BM.

- During test, 2 ml/kg
BM each 15 min
(during rest
between reps).

2 periods of tests (2 days per
period):

- Day 1: LSPT and LSST
at rest; cycling 30 min
at 70% VO2max,
followed by three 50”
sprints at double the
resistive load (with
2 min of rest between
each bout), and then
another 45 min of
cycling at 70% VO2max.

- Day 2: LSPT and LSST
at rest; 6 blocks of high
intensity shuttle
running; LSST
after exercise.

Bilzon et al. [24]

To assess whether ingesting a
carbohydrate–electrolyte
solution during recovery from
exercise in the heat influences
endurance capacity 4 h later.

13 men Running 32.3 ± 5.05

- CHO-E group: sports
drink 6.4% of CHO-E
(24 mmol/L NA, 2.6
mmol/L K,
1 mmol/L Cl).

- Placebo group:
sweetened drink
without CHO.

Both groups:

- During test:
2 mL/kg body mass
every 15 min
(administered during
rest intervals between
exercise repetitions).

- After test:
~25 mL/kg body mass
during 4 h
recovery period.

2 running tests at
60% VO2max of 60 min or
until exhaustion, separated
by 4 h of recovery.
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Burnstein et al. [32]

To assess the influence of
glucose polymer electrolyte
beverages on fluid balance
and glycaemic state during
long duration physical effort:
a 4-day 134 km desert march.

48 men March 19.2 ± 0.1

- CHO-E group: sports
polymer–electrolyte
drink 7.2% CHO-E
(9.2 mmol/L NA,
5.5 mmol/L K,
2.1 mmol/L Ca, and
2.1 mmol/L Mg:
9.6 mmol/L Cl).

- Placebo group: water.

Both groups: 900 mL/h of
drink during exercise

4 days (29, 39, 36 and
30 km) of intermittent
marching (50 min
exercise–10 min rest) at
5–6 km/h carrying a
10–12 kg back pack.

Chryssanthopoulos
et al. [33]

To examine whether, after an
overnight fast, the ingestion of
a carbohydrate–electrolyte
solution during running
would be as effective as
ingestion of a carbohydrate
meal 4 hr before running.

10 men Running 28.7 ± 2.6

- CHO-E group: sports
drink 6.9% of CHO-E
(24 mmol/L NA,
2.5 mmol/L K,
1.2 mmol/L Ca, and
0.8 mmol/L Mg).

- Placebo group: water.

- 4 h before exercise—
10 mL/kg of BW of
liquid with 2 g/kg of
BW for CHO-E, or
without CHO
for Placebo.

- Immediately prior to
the start of exercise,
8 mL/kg of BW.

- During exercise,
2 mL/kg of BW each
5 km.

2 days of 30 km running:
first 5 km at 70% VO2max
and the rest as fast as
they could.

Davis et al. [25]

To determine the effects of
ingesting carbohydrate drinks,
with and without Cr, on
fatigue during intermittent
high-intensity shuttle running.

8 men Running 27.1 ± 6.7

- CHO-E group: sports
drink 6% of CHO-E
(20 mm/L NA and
3 mm/L K).

- Placebo group: water.

Both groups:

- 10 min before exercise,
5 mL/kg of BW
of liquid.

- Between exercise bouts,
2 mL/kg of BW.

5 blocks of high-intensity
shuttle running
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Davison et al. [44]

To examine the effect of
ingesting a commercially
available
carbohydrate–electrolyte
solution on strenuous
exercise performance.

10 men Running 20 ± 2

- CHO-E group: sports
drink 6% of CHO-E
(4.35 mmol/L NA).

- Placebo group:
sweetened drink
without CHO.

Both groups:

- 8 mL/kg of BW
15 min prior
to exercise.

Intermittent shuttle running
for 1 h
(4 × 15 min blocks)

- Each block: walking,
jogging, sprinting,
fast running

- Followed by an
incremental shuttle run
to exhaustion

Desbrow et al. [34]

To examine if a commercial
sports drink consumed
throughout a cycling time trial
of approximately 60 min
improves performance.

9 men Cycling 30.0 ± 7.3

- CHO-E group: sports
drink 6% of CHO-E
(4.35 mmol/L NA).

- Placebo group:
sweetened drink
without CHO.

Both groups:

- 8 mL/kg of BW
15 min prior
to exercise.

1 h cycling time trial

Fallowfield
et al. [26]

To examine the influence of
ingesting a
carbohydrate–electrolyte
solution following prolonged
running on exercise capacity
4 hr later.

16 (12 men;
4 women) Running

CHO-E =
26.1 ± 3.7
Placebo =
27.9 ± 5.4

- CHO-E group: sports
drink 6.9% of CHO-E
(22.6 mmol/L NA,
0.36 mmol/L K,
0.15 mmol/L Ca, and
0.04 mmol/L Mg).

- Placebo group:
sweetened drink
without CHO.

Both groups:

- 1.0 g CHO/kg or
placebo BW
immediately after a
90 min run (R1)

- Same dose again
2 h later

Two treadmill runs (T1 and
T2) separated by 4 h
recovery (REC)

- T1: 90 min at
70% VO2max

- T2: run to exhaustion
at same speed
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Foskett et al. [27]

To investigate the effects of
ingesting a
carbohydrate–electrolyte
solution on performance and
muscle glycogen use during
prolonged intermittent
high-intensity running to
fatigue in
carbohydrate-loaded men.

6 men Running 22.7 ± 3.4

- CHO-E group: sports
drink
6.4% of CHO-E
(21.93 mmol/L NA,
0.26 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(0.87 mmol/L NA,
0.28 mmol/L K).

Both groups:

- 8 mL/kg body
mass immediately
before exercise

- 3 mL/kg every
15 min during exercise

2-day CHO-loading diet
before trials
Loughborough Intermittent
Shuttle Test

- 90 min of LIST
(6 blocks of 15 min) +
run to fatigue

Gui et al. [35]

To compare the effects of a
carbohydrate–electrolyte–
protein solution, a
carbohydrate–electrolyte
solution, and a noncaloric
sweetened placebo on
21 km running performance
and cognitive function.

11 women Running 32.4 ±g 6.7

- CHO-E group: sports
drink 6.0% of CHO-E
(13.05 mmol/L NA,
1.79 mmol/L K,
0.02 mmol/L Ca, and
0.05 mmol/L Mg).

- Placebo group:
sweetened drink
without CHO
(13.05 mmol/L NA,
1.79 mmol/L K,
0.02 mmol/L Ca, and
0.05 mmol/L Mg).

Both groups:

- 150 mL of assigned
drink every 2.5 km

21 km treadmill time trial
(self-paced after 5 km at
70% VO2max)
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Jeukendrup et al. [36]

To investigate the effect of
carbohydrate–electrolyte
feeding on time trial cycling
performance (comparable to a
40 km time trial) under strictly
standardised conditions,
without additional
measurements.

19 (17 men;
2 women) Cycling

Men =
23 ± 4.1

Women =
21 ± 2.8

- CHO-E group: sports
drink 7.6% of CHO-E
(20.4 mmol/L NA,
0.31 mmol/L K,
0.10 mmol/L Ca, and
1.01 mmol/L Cl).

- Placebo group:
sweetened drink with
0.5% CHO.

Both groups:

- 8 mL/kg body mass
during 5 min warm-up

- 2 mL/kg at 25%, 50%,
and 75% of total work
completed

1 h cycling time trial

McIntosh et al. [37]

To explore the effects of a
sugar-free, electrolyte MIDS
beverage on 5-kilometre time
trial performance, hydration
markers, blood electrolytes
and metabolites, fuel
oxidation, and perceptions of
mood compared to a standard
commercially available
carbohydrate sports beverage
and distilled water as a
positive control.

20 (10 men;
10 women) Running 28 ± 4

- CHO-E group: sports
drink
6% of CHO-E
(8.70 mmol/L NA and
2.67 mmol/L K).

- Placebo group:
distilled water.

- MIDS beverage: sports
drink without CHO
(19.57 mmol/L Na,
16.09 mmol/L K,
2.53 mmol/L Ca,
2.06 mmol/L Mg,
1.27 mmol/L Po).

Both groups: 473 mL of
drink followed by 45 min
rest before exercise.

5-kilometre treadmill
time trial
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Millard-Stafford
et al. [38]

To determine the effects of a
carbohydrate–electrolyte
beverage during a United
States Triathlon Series distance
triathlon in a
warm environment.

8 men Running 29.6 ± 3.7

- CHO-E group: sports
drink of 7% of CHO
(9.7 mmol/L Na,
5.0 mmol/L K and
9.7 mmol/L Cl).

- Placebo group:
sweetened drink
without CHO-E.

Both groups: 2 mL/kg body
weight (130–174 mL) of the
assigned beverage:

- After the swim
- Every 8 km

during cycling
- Every 3.2 km

during running

Simulated Olympic triathlon:
1.5 km swim, 40 km bike and
10 km run.

Millard-Stafford
et al. [39]

To evaluate the effect of 7%
carbohydrate–electrolyte drink
on physiological responses,
hydration status and exercise
performance in male distance
runners during a simulated
40 k road race under warm,
humid conditions.

10 men Running 32.1 ± 6

- CHO-E group: sports
drink of 7% of CHO
(9.7 mmol/L Na,
5.0 mmol/L K and
9.7 mmol/L Cl).

- Placebo group:
sweetened drink
without CHO-E.

Both groups:

- 400 mL of assigned
drink 30 min
before the test

- 250 mL of assigned
drink every 5 km
of running

40 km outdoor run:

- First 35 km at
self-selected
training pace

- Final 5 km at
race effort

Morris et al. [28]

To examine the influence of
ingesting a 6.5%
carbohydrate–electrolyte
solution, flavoured water or a
taste placebo on exercise
capacity and the physiological
and metabolic responses
during a modified version of
the Loughborough
Intermittent Shuttle Test in a
hot environment.

9 men Running 23.3 ± 1.4

- CHO-E group: sports
drink 6.5% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(2 mmol/L Na).

- Flavoured water group
(6 mmol/L Na,
0.08 mmol/L K).

Both groups:

- 6.5 mL/kg body mass
consumed as a bolus
before exercise

- 4.5 mL/kg consumed
during each 15 min
exercise set and 4 min
rest period (approx.
every 19 min)

Modified Loughborough
Intermittent Shuttle Test
(LIST) in a hot environment:

- Part A: Five 15 min
sets of intermittent
shuttle running (walk,
jog, cruise, and sprint)

- Part B: 60 s run/60 s
rest until exhaustion
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Murray et al. [40]

To determine the effect of
ingesting fluids of varying
carbohydrate content upon
sensory response,
physiological function, and
exercise performance during
1.25 h of intermittent cycling
in a warm environment.

12 men Cycling 30.7 ± 4.9

- CHO-E 6%: sports
drink 6% of CHO-E
(20 mmol/L Na,
3.2 mmol/L K).

- CHO-E·8%: sports
drink 8% of CHO-E
(20 mmol/L Na,
3.2 mmol/L K).

- CHO-E 10%: sports
drink 10% of CHO-E
(20 mmol/L Na,
3.2 mmol/L K).

- Placebo group:
sweetened drink
without CHO-E.

All groups: 2.5 mL/kg of
body weight during the
5 min rest periods between
exercise bouts.

Intermittent cycling in a
warm environment:

- Three 20 min bouts at
65% VO2max, each
followed by
5 min rest

- Final task:
1200 pedal revolutions
as fast as possible

Nicholas et al. [45]

To examine the influence of
ingesting a commonly
available sports drink
(6.9% CHO–electrolyte
solution) on sprint
performance and running
capacity during a prolonged
intermittent, high-intensity
shuttle running test.

9 men Running 24.8 ± 0.6

- CHO-E group: sports
drink 6.9% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO-E.

- Flavoured water group
(6 mmol/L Na,
0.08 mmol/L K).

Both groups:

- 5 mL/kg body
weight immediately
before exercise

- 2 mL/kg body weight
every 15 min
during exercise

Prolonged Intermittent
High-Intensity Shuttle
Running Test (PIHSRT)

- Part A: 75 min of
intermittent running
(sprint, jog at 55%
VO2max, and cruise at
95% VO2max)

- Part B: Alternating
20 m runs at 55% and
95% VO2max until
exhaustion
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Rodriguez-
Giustiniani et al. [9]

To provide further practical
insight into the influence of
ingesting a 12%
carbohydrate–electrolyte
beverage on soccer skill
performance and
high-intensity running
capacity in professional youth
academy soccer players.

18 men Soccer 18 ± 2

- CHO-E group: sports
drink 12% of CHO-E
(17 mmol/L Na).

- Placebo group:
sweetened drink
without CHO
(17 mmol/L Na).

Both groups:

- 250 mL ingested
15 min before the
first half

- 250 mL ingested at
half-time (15 min
before second half)

- Total: 500 mL
providing 60 g CHO
(CHO-E group)

Soccer match simulation
(90 min)

Rollo and Williams
[18]

To examine the effect of
ingesting a
carbohydrate–electrolyte
solution on the 1 h running
performance of club athletes
who consumed a
high-carbohydrate breakfast
3 h before exercise.

10 men Running 34 ± 9

- CHO-E group: sports
drink 6.5% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).

Both groups:

- 8 mL/kg of BW
15 min prior
to exercise

- 2 mL/kg of
BW 15 min
during exercise

1 h self-paced treadmill run

Rollo and Williams
[46]

To investigate the influence of
ingesting a 6.4% CHO-E
solution on the total distance
completed during a 1 hr
running performance test.

8 men Running 31 ± 8

- CHO-E group: sports
drink 6.5% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).

Both groups:

- 8 mL/kg of BW
30 min prior
to exercise

- 2 mL/kg of
BW 15 min
during exercise

1 h self-paced treadmill run
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Rollo et al. [17]

To investigate the influence of
mouth rinsing a
6.4% CHO–E solution on
self-selected running speed
and distance covered in 1 h.

10 men Running 25 ± 4

- CHO-E group: sports
drink 6.5% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).

- Mouth rinsed
immediately before,
and at 15, 30 and
45 min during the
1 h run test.

1 h self-paced treadmill run

Rollo et al. [47]

To assess the relative effect of
mouth rinsing and ingesting a
carbohydrate–electrolyte
solution on 1 h
running performance.

10 men Running 26 ± 6

- CHO-E group: sports
drink 6.5% of CHO-E
(21 mmol/L Na,
0.56 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).

Both groups:

- 8 mL/kg of BW
30 min prior
to exercise

- 25 mL immediately
before exercise

- 2 mL/kg of
BW 15 min
during exercise

1 h self-paced treadmill run

Tsintzas et al. [41]

To examine the effects on
performance of drinking two
CHO-electrolyte solutions and
water during three
treadmill marathons.

7 men Running 44 ± 13.2

- CHO-E group: sports
drink 5.5% of CHO-E
(26.5 mmol/L Na,
2.56 mmol/L K).

- CHO-E group: sports
drink 6.9% of CHO-E
(23.9 mmol/L Na,
5.12 mmol/L K).

- Placebo group:
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).

All groups:

- 3 mL/kg BW
immediately before
the run

- 2 mL/kg every 5 km

42.2 km treadmill marathon
(self-paced after 5 km at
70% VO2max)
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Welsh et al. [29]

To investigate the effects of
CHO ingestion on physical
and mental function during
IHI shuttle running that most
closely simulated a game.

10 (5 men;
5 women) Running

Men =
24.6 ± 4.1
Women =
24.0 ± 4.0

- CHO-E group:

Sports drink 6% of CHO-E
(20 mmol/L Na, 3.2 mmol/L
K) before exercise and
during quarters.
Sports drink 6% of CHO-E
(20 mmol/L Na, 3.2 mmol/L
K) at halftime.

- Placebo group:
sweetened drink
without CHO-E.

Both groups:

- 5 mL/kg of 6% CHO
solution/placebo
before warm-up

- 3 mL/kg of 6% CHO
solution/placebo after
QTR-1, HALF, QTR-3,
and QTR-4

- 5 mL/kg of 18% CHO
solution/placebo
at halftime

Simulated intermittent
high-intensity team
sport protocol:

- Four 15 min quarters
of shuttle running,
jumping, sprinting,
and jogging

- 20 min halftime break
- Followed by a shuttle

run to fatigue

Williams et al. [42]

To determine whether or not
there are any positive benefits
from drinking
carbohydrate–electrolyte
solutions, rather than water,
on running performance
during 30 km treadmill
time trials

12 men Running 30.8 ± 10.8

- CHO-E glucose group:
sports drink
5% of CHO-E (20
mmol/L Na).

- CHO-E Fructose
Group: sports drink
5% of CHO-E
(20 mmol/L Na).

- Placebo group:
sweetened drink
without CHO-E.

All groups:

- 250 mL of assigned
drink before warm-up

- 150 mL every 5 km

- 30 km treadmill time
trial (first 5 km at
70% VO2max, then
self-paced)
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Table 1. Cont.

Authors Objectives Sample
Size (n) Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol

Wong and Williams
[30]

To examine the influence of
ingesting large and small
amounts of CHO, during a 4 h
recovery from prolonged
running, on subsequent
endurance running capacity
when the subjects were
fully rehydrated.

9 men Running 34.3 ± 7.2

- CHO-E group: sports
drink of 6.5% of CHO
(24 mmol/L Na,
2.6 mmol/L K and
1.2 mmol/L Ca).

- Placebo group:
sweetened drink
without CHO-E.

All groups:

- 50 g CHO from 770 mL
of 6.5% CHO-E
solution ingested
30 min after first run

- CHO-E group: same
CHO-E solution every
30 min for 3 h

- Placebo group:
ingested placebo
solution in
same volumes

Two treadmill runs (T1 and
T2) separated by 4 h
recovery (REC)

- T1: 90 min at
70% VO2max

- T2: run to exhaustion
at same speed

Wong et al. [31]

To examine the effects of
rehydration per se and
rehydration plus CHO
ingestion during 4 h of
recovery on subsequent
endurance running capacity.

9 men Running 26.4 ± 5.1

- CHO-E group: sports
drink of 6.5% of CHO
(24 mmol/L Na,
2.6 mmol/L K and
1.2 mmol/L Ca).

- Placebo group:
sweetened drink
without CHO-E.

All groups:
725 mL of fluid 30 min after
first run (T1)

- CHO-E group:
50 g CHO

Remaining volume (to reach
200% of body mass lost)
ingested in 5 equal doses
every 30 min over 3 h

Two treadmill runs (T1 and
T2) separated by 4 h
recovery (REC)

- T1: 90 min at
70% VO2max

- T2: run to exhaustion
at same speed

Men (M); Women (W); Body Mass (BM); Body Weight (BW); Loughborough Soccer Passing Test (LSPT); Loughborough Soccer Shooting Test (LSST); Multi-Ingredient Dietary Supplements
(MIDS), g.
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3.3. Study Quality

The methodological quality of all 26 studies was assessed using the PEDro scale and
most of them were rated as of moderate to high quality (Table 2). It should be noted that
the allocation of the athlete was not concealed in 19 of 26 studies. The only study [26] that
obtained a poor qualification did not follow any blinding strategy.

Table 2. Analysis of the methodological quality of the selected studies using PEDro (n = 26).

Study 1 2 3 4 5 6 7 8 9 10 11 Score Evaluation

Ali et al. [43] 0 1 0 1 1 1 1 1 1 1 1 9 High
Bilzon et al. [24] 0 1 1 1 1 1 1 1 1 1 1 10 High
Burnstein et al.

[32] 1 1 1 1 1 0 0 1 1 1 1 8 Moderate

Chryssanthopoulos
et al. [33] 1 1 1 1 1 1 1 1 1 1 1 10 High

Davis et al. [25] 0 1 1 1 1 1 1 1 1 1 1 10 High
Davison et al.

[44] 1 1 1 1 1 1 1 1 1 1 1 10 High

Desbrow et al.
[34] 1 1 1 1 1 1 1 1 0 1 1 9 High

Fallowfield et al.
[26] 1 1 0 1 0 0 0 1 1 1 1 6 Poor

Foskett et al. [27] 1 1 0 1 1 1 1 1 1 1 1 9 High
Gui et al. [35] 1 1 1 1 1 1 1 1 1 1 1 10 High

Jeukendrup et al.
[36] 1 1 0 1 1 0 0 1 1 1 1 7 Moderate

McIntosh et al.
[37] 1 1 1 1 0 0 0 1 1 1 1 7 Moderate

Millard-Stafford
et al. [38] 1 1 0 1 1 1 1 1 1 1 1 9 High

Millard-Stafford
et al. [39] 1 1 0 1 1 1 1 1 1 1 1 9 High

Morris et al. [28] 1 1 0 1 1 0 0 1 1 1 1 7 Moderate
Murray et al. [40] 1 1 0 1 1 1 1 1 1 1 1 9 High

Nicholas et al.
[45] 1 1 0 1 1 1 1 1 1 1 1 9 High

Rodriguez-
Giustiniani et al.

[9]
1 1 0 1 1 1 1 1 1 1 1 9 High

Rollo and
Williams. [18] 1 1 0 1 1 1 1 1 1 1 1 9 High

Rollo and
Williams. [46] 1 1 0 1 1 1 1 1 1 1 1 9 High

Rollo et al. [17] 1 1 0 1 1 1 1 1 1 1 1 9 High
Rollo et al. [47] 1 1 0 1 1 1 1 1 1 1 1 9 High
Tsintzas et al.

[41] 1 1 0 1 1 0 0 1 1 1 1 7 Moderate

Welsh et al. [29] 1 1 0 1 1 1 1 1 1 1 1 9 High
Williams et al.

[42] 1 1 0 1 1 0 0 1 1 1 1 7 Moderate

Wong and
Williams. [30] 1 1 0 1 1 1 1 1 1 1 1 9 High

Wong et al. [31] 1 1 0 1 1 1 1 1 1 1 1 9 High

The numbers in the columns correspond to the following items of the PEDro scale.

1. Eligibility criteria were specified.
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2. Subjects were randomly allocated to groups.
3. Allocation was concealed.
4. The groups were similar at baseline regarding the most important prognostic indicators.
5. There was blinding of all subjects.
6. There was blinding of all therapists who administered the therapy.
7. There was blinding of all assessors who measured at least one key outcome.
8. Measures of at least one key outcome were obtained from more than 85% of the

subjects initially allocated to groups.
9. All subjects for whom outcome measures were available received the treatment or

control condition as allocated or, where this was not the case, data for at least one key
outcome was analysed by “intention to treat”.

10. The results of between-group statistical comparisons are reported for at least one
key outcome.

11. The study provides both point measures and measures of variability for at least one
key outcome.

3.4. Effects of CHO-E on Sports Performance

The meta-analysis did not find differences between CHO-E and placebo groups (SMD,
0.16; 95% CI: −0.01, 0.33; n = 922; Z = 2.76; p = 0.06) in sports performance with moderate
heterogeneity (I2 = 38%) (Figure 2). The subgroup (condition) analysis showed moderate
heterogeneity (I2 = 57%) and non-significant differences (p = 0.05). The CHO-E group
showed a moderate effect (SMD, 0.60; 95% CI: 0.17, 1.02; n = 160; Z = 2.76), significant
differences (p = 0.006) and moderate heterogeneity (I2 = 39%) compared to the placebo
group in time to exhaustion (Figure 2). No differences (p = 0.49) with low heterogeneity
(I2 = 18%) and a small effect (SMD, −0.07; 95% CI: −0.28, 0.13; n = 458; Z = 0.70) were
described between CHO-E and placebo groups in the time to complete sub-analysis. The
distance covered comparison between CHO-E and placebo showed a small effect (SMD,
0.17; 95% CI: −0.11, 0.63; n = 112; Z = 1.38), and non-significant differences were described
(p = 0.17) and showed low heterogeneity (I2 = 0%) (Figure 2). The precision variables
comparison between CHO-E and placebo showed a moderate effect (SMD, −0.39; 95% CI:
−0.27, 1.05; n = 126; Z = 1.17), and non-significant differences were described (p = 0.24)
and showed high heterogeneity (I2 = 72%) (Figure 2). Finally, the cycling power compar-
ison between CHO-E and placebo showed a small effect (SMD, 0.10; 95% CI: −0.43, 0.2;
n = 56; Z = 0.36), and non-significant differences were described (p = 0.72) and showed low
heterogeneity (I2 = 0%) (Figure 2).

3.5. Effects of CHO-E on Metabolic Biomarkers

The meta-analysis did not find differences between CHO-E and placebo groups (SMD,
0.09; 95% CI: −0.20, 0.38; n = 1440; Z = 0.62; p = 0.54) in metabolic biomarkers with high
heterogeneity (I2 = 83%) (Figure 3). The subgroup (condition) analysis showed high het-
erogeneity (I2 = 95.1%) and significant differences (p < 0.001). The CHO-E group showed
high effects (SMD, 0.82; 95% CI: 0.45, 1.19; n = 160; Z = 4.29) and significant differences
(p < 0.001) with high heterogeneity (I2 = 83%) compared to the placebo group in blood
glucose levels (Figure 3). Significant differences (p = 0.01) with moderate heterogeneity
(I2 = 58%) and a moderate effect (SMD, 0.58; 95% CI: 0.12, 1.05; n = 196; Z = 2.47) were
described between CHO-E and placebo groups in insulin levels. The free fatty acid compar-
ison between CHO-E and placebo showed a high effect (SMD, −1.11; 95% CI: −1.57, −0.65;
n = 262; Z = 4.73) and significant differences were described (p < 0.001) with moderate
heterogeneity (I2 = 63%) (Figure 3). The glycerol levels comparison between CHO-E and
placebo showed a high effect (SMD, −1.35; 95% CI: −2.04, −0.66; n = 170; Z = 3.82) and
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significant differences were described (p < 0.001) and showed high heterogeneity (I2 = 73%)
(Figure 3).

 
Figure 2. Effects of CHO-E on sports performance. Forest plot illustrating the overall effect of CHO-E
supplementation SMD in sports performance (time to exhaustion; time to complete; distance covered;
precision variables; cycling power). Squares represent the SMD for each trial. Green dots represent
the pooled SMD across trials. SMD, standardised mean difference. a = beverage A; b = beverage B;
c = beverage C; fruct = fructose; gluc = glucose [9,17,18,24–28,30–43,46,47].

3.6. Effects of CHO-E on Blood Mineral Concentrations

The meta-analysis found differences between CHO-E and placebo groups (SMD, 0.19;
95% CI: 0.09, 0.30; n = 1368; Z = 3.55; p < 0.001) in blood mineral concentrations with
low heterogeneity (I2 = 0%) (Figure 4). The subgroup (condition) analysis showed low
heterogeneity (I2 = 0%) and non-significant differences (p = 0.60). The CHO-E group showed
low effects (SMD, 0.20; 95% CI: 0.07, 0.36; n = 730; Z = 2.90), and significant differences
(p = 0.004) and low heterogeneity (I2 = 0%) compared to the placebo group in blood sodium
levels (Figure 4). No significant differences (p = 0.13) with low heterogeneity (I2 = 6%) and
a low effect (SMD, 0.14; 95% CI: −0.04, 0.31; n = 538; Z = 1.51) were described between
CHO-E and placebo groups in potassium levels. The chlorine level comparison between
CHO-E and placebo showed a low effect (SMD, 0.34; 95% CI: −0.06, 0.74; n = 100; Z = 1.68),
and non-significant differences were described (p = 0.09) with low heterogeneity (I2 = 0%)
(Figure 4).
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Figure 3. Effects of CHO-E on metabolic biomarkers. Forest plot illustrating the overall effect of
CHO-E supplementation SMD in metabolic biomarkers (glucose; insulin; free fatty acids; glycerol).
Squares represent the SMD for each trial. Green dots represent the pooled SMD across trials. SMD,
standardised mean difference. a = beverage A; b = beverage B; d1 = day 1; d2 = day 2; d3 = day 3;
d4 = day 4; fruct = fructose; gluc = glucose [9,17,18,25–28,30–35,37–39,41–46].

3.7. Effects of CHO-E on Other Performance Descriptors

The meta-analysis found differences between CHO-E and placebo groups (SMD,
0.20; 95% CI: 0.09, 0.31; n = 1758; Z = 3.66; p < 0.001) in other performance predictors
with low heterogeneity (I2 = 21%) (Figure 5). The subgroup (condition) analysis showed
high heterogeneity (I2 = 74.3%) and significant differences (p = 0.009). The CHO-E group
showed a low effect (SMD, 0.16; 95% CI: −0.08, 0.39; n = 282; Z = 1.29) and non-significant
differences (p = 0.20) with low heterogeneity (I2 = 0%) compared to the placebo group
in VO2max (Figure 5). Significant differences (p < 0.001) with moderate heterogeneity
(I2 = 27%) and a low effect (SMD, 0.47; 95% CI: 0.26, 0.68; n = 572; Z = 4.40) were described
between CHO-E and placebo groups in respiratory exchange ratio (RER) levels. The heart
rate comparison between CHO-E and placebo showed a low effect (SMD, 0.17; 95% CI:
0.00, 0.35; n = 546; Z = 2.01) and significant differences were described (p = 0.04) with
low heterogeneity (I2 = 0%) (Figure 5). The rated perceived exertion (RPE) comparison
between CHO-E and placebo showed a low effect (SMD, −0.07; 95% CI: −0.31, 0.16; n = 398;
Z = 0.60), and non-significant differences were described (p = 0.55) with moderate hetero-
geneity (I2 = 27%) (Figure 5).
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Figure 4. Effects of CHO-E on blood mineral concentrations. Forest plot illustrating the overall effect
of CHO-E supplementation SMD in blood mineral concentrations (sodium; potassium; chlorine).
Squares represent the SMD for each trial. Green dots represent the pooled SMD across trials. SMD,
standardised mean difference. a = beverage A; b = beverage B; d1 = day 1; d2 = day 2; d3 = day 3;
d4 = day 4 [26,30–33,37,39,44,45].

3.8. Additional Analysis

Sensitivity analyses confirmed the robustness of the main findings. When fixed-effect
models were compared with the primary random-effects models used in the main analyses,
the direction and statistical significance of the pooled effects remained unchanged in sports
performance, metabolic biomarkers, blood mineral concentrations and other performance
descriptors. In addition, leave-one-out analyses identified various studies that had a
considerable impact on the pooled estimate of metabolic biomarkers [25,27,32,42,44,45].
Removal of this study led to a change in the magnitude but not in the statistical significance
of the effect in glucose (SMD ranged from 0.32 to 0.82), insulin (SMD ranged from 0.40
to 0.58), free fatty acids (SMD range from −1.11 to −0.67) and glycerol (SMD range from
−0.68 to −0.60). Overall, the sensitivity analyses supported the stability of the results after
decreasing the I2.
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Figure 5. Effects of CHO-E on other performance descriptors. Forest plot illustrating the overall
effect of CHO-E supplementation SMD on other performance descriptors (VO2max; RER; heart rate;
RPE). Squares represent the SMD for each trial. Green dots represent the pooled SMD across trials.
SMD, standardised mean difference. a = beverage A; b = beverage B; c = beverage C; fruct = fructose;
gluc = glucose [17,18,24–28,30,31,33–47].

3.9. Quality of Evidence (GRADE)

The GRADE statement summarises the ROB, inconsistency of the results, indirect-
ness of evidence, imprecision of results, and publication bias for determining the level
of evidence according to GRADE assessment. Across the included studies, no risk of
bias, indirectness, or publication bias was identified. However, several outcomes were
downgraded due to serious imprecision and substantial heterogeneity, particularly in
metabolic biomarkers and some sports performance indicators. As a result, the certainty of
evidence ranged from low to high, with moderate or low certainty observed for outcomes
affected by heterogeneity or limited sample sizes, while outcomes related to blood mineral
concentrations and other performance descriptors remained at a high level of certainty
(Table 3).
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Table 3. GRADE assessment.

Number
of Studies

Risk of
Bias Inconsistency Indirectness

of Evidence Imprecision Publication
Bias

Quality of
Evidence SMD [95% CI]

Effects of CHO-E on Sports Performance

Overall
effect

(n = 35)
No Not

applicable No No No High 0.16 [−0.01, 0.33]

Time to ex-
haustion
(n = 9)

No Not
applicable No Serious No Moderate 0.60 [0.17, 1.02]

Time to
complete
(n = 17)

No Not
applicable No Serious No Moderate −0.07

[−0.28, 0.13]

Distance
covered
(n = 5)

No Not
applicable No Serious No Moderate 0.26 [−0.11, 0.63]

Precision
variables

(n = 4)
No Serious

(I2 = 72%) No Serious No Moderate 0.39 [−0.27, 1.05]

Cycling
power
(n = 2)

No Not
applicable No Serious No Low 0.10 [−0.01, 0.33]

Effects of CHO-E on Metabolic Biomarkers

Overall
effect

(n = 35)
No

Very
Serious

(I2 = 83%)
No No No Low 0.09 [−0.20, 0.38]

Glucose
(n = 34) No Very serious

(I2 = 83%) No No No Low 0.82 [0.45, 1.19]

Insulin
(n = 12) No Serious

(I2 = 58%) No No No Moderate 0.58 [0.12, 1.05]

Free Fatty
Acids

(n = 15)
No Serious

(I2 = 63%) No No No Moderate −1.11
[−1.57, −0.65]

Glycerol
(n = 10) No Serious

(I2 = 73%) No No No Moderate −1.35
[−2.04, −0.66]

Effects of CHO-E on Blood Mineral Concentrations

Overall
effect

(n = 25)
No Not

applicable No No No High 0.19 [0.09, 0.30]

Sodium
(n = 25) No Not

applicable No No No High 0.22 [0.07, 0.36]

Potassium
(n = 21) No Not

applicable No No No High 0.14 [−0.04, 0.31]

Chlorine
(n = 6) No Not

applicable No No No High 0.34 [−0.06, 0.74]
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Table 3. Cont.

Number
of Studies

Risk of
Bias Inconsistency Indirectness

of Evidence Imprecision Publication
Bias

Quality of
Evidence SMD [95% CI]

Effects of CHO-E on Other Performance Descriptors

Overall
effect

(n = 25)
No Not

applicable No No No High 0.20 [0.09, 0.31]

VO2max No Not
applicable No No No High 0.16 [−0.08, 0.39]

RER No Not
applicable No No No High 0.47 [0.26, 0.68]

Heart
Rate No Not

applicable No No No High 0.17 [0.00, 0.35]

RPE No Not
applicable No No No High −0.07

[−0.31, 0.16]

No risk of bias was found in any study. I2 > 40%: serious. I2 > 80%: very serious. No indirectness of evidence was
found in any study. N < 300: serious. N < 300 and estimated effect little or absent: very serious.

4. Discussion
In endurance sports, the intake of carbon CHO during exercise has been identified as

a key factor to enhance athletic performance, although the effect of its supplementation in
combination with electrolytes (CHO-E) has been more controversial. The principal objective
of this study was to analyse the effect of CHO-E supplementation during exercise versus
other non-CHO nutritional strategies on athletic performance. The main findings of our
research showed that CHO-E supplementation could be a useful nutritional strategy when
sports performance was linked to the duration of the event, with longer time to exhaustion
and higher blood glucose and sodium levels being maintained during exercise. On the
other hand, the lower RPE values associated with higher RER values might indicate greater
tolerance to effort in athletes using CHO-E compared to a placebo. Therefore, CHO-E
intake during exercise could be crucial for optimising performance.

4.1. Effects of CHO-E on Sports Performance

Sports performance in endurance sports is conditioned by the moment of onset of
fatigue, which has a multifactorial origin [2]. The emptying of glycogen stores, together
with a lack of blood glucose replenishment through nutrition, causes the athlete’s capacity
for effort to decrease and, therefore, their performance to drop [48]. The duration of
endurance sports events can range from one hour in disciplines such as the half marathon
to more than three hours in cycling events or average marathon runners. Therefore,
this heterogeneity in test duration needs to be taken into account when interpreting the
effectiveness of CHO-E supplementation. Jeukendrup [10] indicated that in events lasting
less than 75 min, CHO intake might not be necessary, whereas in events longer than 2.5 h,
carbohydrate intake should be around 90 g per hour. Our results from 26 studies assessing
sports performance under CHO-E supplementation compared to a placebo did not find
a significant overall effect, although subgroup analysis showed a significantly positive
effect of CHO-E supplementation on time to exhaustion (p = 0.006), suggesting that CHO-E
intake may enhance endurance capacity under prolonged exercise conditions. In our meta-
analysis, the studies that have shown positive results of CHO-E consumption on time to
exhaustion have followed a similar protocol, consisting of two running tests separated by
4 h [24,26,31]. In the first test, a target intensity was set and in the second, the aim was
to maintain that target intensity until exhaustion. In neither study did the placebo group
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receive CHO, so they started the second trial with little CHO available, compared to the
CHO-E group, who did get a CHO refill. However, none of the studies analysed performed
CHO supplementation according to the current recommendations (90 g/h for exercise
longer than 2.5 h) [10]. Therefore, larger differences between placebo and CHO-E groups
could be expected if the latest nutritional recommendations were followed.

On the other hand, no positive effects were found in the remaining performance
variables analysed, including time to complete the test, distance covered, cycling power,
and precision-related outcomes. This finding supports the hypothesis that the amount of
carbohydrates provided in the studies included in this review may have been insufficient
to elicit an ergogenic effect in situations where both groups started with fully replenished
glycogen stores [49]. In such contexts, CHO-E supplementation may not represent a limiting
factor for performance, particularly in shorter or less demanding exercise protocols [50].
The studies that provided power values up to exhaustion included a maximum effort limit
in their protocols, so all participants had to cycle at 80% of their threshold power [34,36].
Future studies should assess the effect of CHO-E supplementation in time trials without
effort limitation. Finally, factors such as accuracy may be more influenced by the technical
ability of athletes than by the availability or lack of CHO [43].

4.2. Effects of CHO-E on Metabolic Biomarkers

Glucose is the primary source of energy during exercise [51]. Blood glucose levels
during exercise depend on the level of glycogen stores before the start, the intensity of
the activity, and food intake during the sport [4]. A decrease in glycogen availability is
often associated with the onset of fatigue. Therefore, the consumption of carbohydrates
before [52] and during [48] prolonged exercise helps to maintain blood glucose levels and
improve performance. In our meta-analysis, the results showed a higher level of glucose
in those athletes who consumed CHO-E compared to the placebo situation. Furthermore,
although most of the protocols used by researchers to induce fatigue lasted no longer than
two hours, the finding of greater availability of glucose in the blood in the CHO-E group
compared to a placebo serves to reaffirm that supplementation with CHO during the trial,
even in small doses (<70 g in total; ~20 to 30 gr/hour), helps to maintain higher glucose
levels than simply following a rehydration strategy without CHO. Additionally, in line with
the decrease in blood glucose, the placebo group showed significantly higher values of free
fatty acids and glycerol than those observed in the CHO-E group, likely reflecting greater
lipolysis and a shift toward fat utilisation secondary to lower carbohydrate availability,
rather than a direct negative effect of these metabolites on performance [53]. This metabolic
profile may be less favourable if exercise intensity had to be increased at the end of the test
or if exercise duration were extended, since carbohydrate is the predominant substrate for
higher-intensity exercise [54]. Nevertheless, the GRADE assessment indicated low certainty
of evidence for glucose and moderate certainty for insulin, free fatty acids, and glycerol,
mainly due to substantial heterogeneity among studies, which should be considered when
interpreting these findings.

4.3. Effects of CHO-E on Blood Mineral Concentrations

Sodium and potassium are two essential electrolytes involved in maintaining cellular
volume, osmolarity, and membrane potentials [55]. Increased electrolyte intake has not
shown significant improvements in athletic performance; however, lower concentrations
may accelerate fatigue processes and have been associated in some studies with the onset
of muscle cramps [13]. As observed in the studies analysed, both electrolytes are among
the most commonly used by energy drink manufacturers, although their concentrations
vary depending on the brand [9,26,34].
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The results of our study showed that the use of energy drinks helps to maintain
higher sodium levels compared to those observed in the control group. Therefore, in situa-
tions involving intense exercise lasting approximately 1.5 h, sodium intake in amounts of
300–600 mg/h may be sufficient to prevent depletion [56]. On the other hand, the average
potassium concentration consumed by the athletes analysed in our meta-analysis was
under 100 mg, while the general recommendation is slightly higher (200–400 mg) [57]. This
discrepancy could explain the lack of differences observed between the control group and
the CHO-E group.

Another factor that may explain the different behaviour observed between sodium
and potassium concentrations is the electrolyte composition of sweat during prolonged
exercise. Sodium is the electrolyte most lost through sweating, with concentrations ranging
from 20 to 80 mmol·L−1 [58], while potassium losses are substantially lower, generally
around 3–8 mmol·L−1 [59]. Consequently, sodium balance during exercise is more influ-
enced by sweat losses and fluid replacement strategies, making exogenous sodium intake
particularly relevant for maintaining plasma concentrations [15]. In contrast, potassium is
primarily an intracellular electrolyte, and its extracellular concentration is tightly regulated
through cellular absorption mechanisms and renal control mechanisms [60]. Therefore, the
relatively small amount of potassium provided by the CHO-E beverages analysed in the
included studies (<100 mg on average) may have been insufficient to significantly influence
circulating concentrations, especially considering the strict physiological regulation of this
electrolyte and its comparatively minor losses through sweat.

4.4. Effects of CHO-E on Other Performance Descriptors

Exercise intensity can be assessed through measurements of oxygen consumption,
respiratory exchange ratio (RER), and heart rate [61]. In laboratory-based maximal tests,
such as incremental protocols used to determine ventilatory thresholds, a test is considered
maximal when the RER exceeds 1.1 and heart rate reaches 90% of the age-predicted maxi-
mum [62]. The analysis of RER can be influenced by multiple factors, including exercise
duration, fibre-type composition, and dietary fat intake or glycogen availability [63]. Most
of the studies included in our review employed a crossover design, in which all partici-
pants underwent both conditions (CHO-E and placebo). Therefore, the higher RER values
observed in the CHO-E group may indicate an increased rate of glycogen and exogenous
carbohydrate oxidation during exercise under this condition, reflecting greater substrate
availability and prolonged time to exhaustion.

In addition to physiological data, many studies included the assessment of perceived
exertion using the Borg scale [64]. In our results, we observed that for the same exercise
protocol and under similar environmental conditions, participants in the CHO-E group
exhibited significantly higher heart rate values without reporting increased perceived
exertion. This finding suggests that CHO-E supplementation allows athletes to sustain
a higher absolute exercise intensity while maintaining a similar subjective perception of
effort. This is consistent with the notion that exogenous carbohydrate intake helps preserve
blood glucose levels and delay central fatigue, thereby stabilising RPE even as workload
increases [65].

4.5. Limitations

This review is not without limitations. Firstly, most of the included studies have
utilised energy drinks for comparison against placebo situations, but often these provided
carbohydrate amounts significantly below the established recommendation of ~60 g/h for
endurance sports, suggesting that the benefits of supplementation might be underestimated.
Secondly, most exercise protocols lasted for one hour; future studies will need to verify
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effectiveness when the athlete is exercising for more than 2 h. Another limitation of the
present systematic review is the considerable heterogeneity among the included studies in
terms of supplementation strategies (e.g., ingestion during exercise vs. between exercise
blocks) and exercise protocols. Such methodological variability may partly explain the
heterogeneity observed in the results and may limit the generalizability of the findings.
Finally, the studies were conducted in non-competitive environments, highlighting the
need for future investigations to be performed during actual competition.

5. Conclusions
The findings of this systematic review and meta-analysis demonstrate that CHO-E

supplementation during moderate- to high-intensity exercise confers significant benefits
on athletic performance, particularly by increasing time to exhaustion and enhancing
energy availability. These effects appear to be mediated by improved maintenance of
blood glucose and sodium concentrations, which collectively delay the onset of fatigue and
support sustained muscular performance during prolonged physical activity.

However, CHO-E beverages with a carbohydrate concentration of approximately 6%
did not significantly improve time to completion in endurance tasks, suggesting that the
effectiveness of supplementation may depend on factors such as dosage, exercise duration,
and environmental conditions. Overall, these results support CHO-E supplementation as
an effective nutritional strategy to optimise endurance performance, mitigate fatigue, and
prevent glycogen and electrolyte depletion in physically active individuals.
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