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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).

-
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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, VOyny,x 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 I? statistic were applied to evaluate heterogeneity across studies, following the
approach described by Higgins et al. [23]. I? 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 (Cls) 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 gla;:lzrls Sport Supplementation Drinks Supplementation Strategy Protocol
2 periods of tests (2 days per
period):
- Day 1: LSPT and LSST
at rest; cycling 30 min
To investigate whether at 70% VOomax,
ingestion of a Both groups: followed by three 50”
carbohydrate—electrolyte ;:H?('E g;oug:cspgrts - Before test, sprints at double the
solution before and during (2r11n7 6.4 OI?L NH) 5 mL/kg BM. resistive load (with
. prolonged intermittent +/ Mmo a. - During test, 2 ml/kg 2 min of rest between
Alietal. [43] high-intensity shuttle running 16 men Soccer Placebo group: BM each 15 min each bout), and then
would have any beneficial svyfteneél};gmk (during rest another 45 min of
effects on skill performance by without : between reps). cycling at 70% VOjpmax-
soccer players with reduced - Day 2: LSPT and LSST
carbohydrate stores. at rest; 6 blocks of high
intensity shuttle
running; LSST
after exercise.
Both groups:
- During test:
CHO-E group: sports 2 mL/ke bod
- drink 6.4% of CHO-E eVI:ry/ (B oA
To assess whether ingesting a .
Carbohydrate—electro%yte ° - mlI?I(leéL e (administered during 2 running ests at .
. . - . mmo , rest intervals between ~ 60% VOjmax of 60 min or
Bilzon et al. [24] solution during recovery from 13 men Running 1 mmol/L Cl) . . . .
.. . . exercise repetitions). until exhaustion, separated
exercise in the heat influences Placebo group: ) p by 4 h of recover
endurance capacity 4 h later. sweetened drink B After test: y ¥
thout CHO ~25 mL/kg body mass
without . during 4 h

recovery period.
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
CHO-E group: sports
polymer—electrolyte
To assess the influence of drink 7.2% CHO-E 4 days (29, 39, 36 and
glucose polymer electrolyte (9.2 mmol/L NA, 30 km) of intermittent
Burnstein et al. [32] beverages on fluid balal?ce 48 men March 19.2 +0.1 5.5 mmol/LK, Bo.th groups: 900 H.IL/h of marcl.rung (50 mm
and glycaemic state during 2.1 mmol/L Ca, and drink during exercise exercise—10 min rest) at
long duration physical effort: 2.1 mmol/L Mg;: 5-6 km/h carrying a
a 4-day 134 km desert march. 9.6 mmol/L Cl). 10-12 kg back pack.
Placebo group: water.
- 4 h before exercise—
10 mL/kg of BW of
) liquid with 2 g/kg of
To examine whether, after an CHO'E g:‘oup. sports BW for CHO-E, or
overnight fast, the ingestion of drink 6.9% of CHO-E without CHO o
(24 mmol /L NA 2 days of 30 km running;:
a carbohydrate—electrolyte ! for Placebo . 0
Chryssanthopoulos . . . . 2.5 mmol/L K : first 5 km at 70% VOpmax
solution during running 10 men Running 28.7 £ 2.6 : Y - Immediately prior to
etal. [33] . 1.2 mmol/L Ca, and YP and the rest as fast as
would be as effective as ’ | / the start of exercise, they could.
ingestion of a carbohydrate 0.8 mmol/L Mg). 8 mL/kg of BW.
meal 4 hr before running. Placebo group: water. - During exercise,
2 mL/kg of BW each
5 km.
Both groups:
To determine the effects of SH?;E o/grofugl:_[s(}))ogts - 10 min before exercise,
ingesting carbohydrate drinks, rn ©0 B 5 mL/kg of BW P .
Davis et al. [25] with and without Cr, on 8 men Running  27.1+6.7 (20 mm/L NA and of liquid. 5 blocks of h.1gh intensity
. S - 3 mm/L K). . shuttle running
fatigue during intermittent - Between exercise bouts,
high-intensity shuttle running. Placebo group: water. 2 mL/kg of BW.
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
Intermittent shuttle running
forlh

To examine the effect of CHO-E group: sports (4 x 15 min blocks)
; 0 Both groups:
ingesting a commercially drink 6% of CHO-E sroup - Each block: walking,
i (4.35 mmol/L NA). - 8 mL/kg of BW . . e
Davison et al. [44] available 10 men Runnin 20+ 2 15 mi i jogging, sprinting,
' carbohydrate—electrolyte 8 Placebo group: fTin prior fast running
solution on strenuous svx'/eetened drink to exercise. - Followed by an
exercise performance. without CHO. incremental shuttle run
to exhaustion
CHO-E group: sports
To examine if a commercial drink 6% of CHO-E Both groups:
sports drink consumed (4.35 mmol/L NA). - 8 mL/kg of BW
Desbrow et al. [34] throughout a cycling time trial 9 men Cycling 30.0£73 Placebo group: 15 min prior 1 h cycling time trial
of approximately 60 min sweetened drink to exercise.
improves performance. without CHO.
CHO-E group: sports .
drink 6.9% of CHO-E Both groups: Two treadmill runs (T1 and
To examine the influence of (22.6 mmol /L NA, - 1.0 gCHO/kgor T2) separated by 4 h
ingesting a CHO-E = 0.36 mmol/L K, placebo BW recovery (REC)
Fallowfield carbohydrate-electrolyte 16 (12 men; . 26.1 + 3.7 0.15 mmol/L Ca, and immediately after a - T1: 90 min at
. . Running - : ’ -
et al. [26] solution following prolonged 4 women) Placebo = 0.04 mmol/L Mg). 90 min run (R1) 70% VOoumax
running on exercise capacity 279 £54 Placebo group: - Same dose again - T2: run to exhaustion
4 hr later. sweetened drink 2 h later at same Speed
without CHO.
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
CHO-E group: sports
To investigate the effects of drink 2-day CHO-loading diet
incesting a o _ Both groups: Yy 8
g g 6.4% of CHO-E before trials
carbohydrate-electrolyte (21.93 mmol/L NA, - 8mL/kgbody Loughborough Intermittent
solution on performance and 0.26 mmol /L K). mass immediately Shuttle Test
Foskett et al. [27] muscle glycogen use during 6 men Running  22.7 £+ 3.4 Placebo group: before exercise 90 min of LIST
prolopged i.ntermittfsnt sweetened drink - 3 mL/kg every © lflgf:lk(; of 15 min) +
high-intensity running to without CHO 15 min during exercise run to faticue
fatigue in (0.87 mmol/L NA, &
carbohydrate-loaded men. 0.28 mmol /L K).
CHO-E group: sports
drink 6.0% of CHO-E
(13.05 mmol/L NA,
To compare the effects of a 1.79 mmol/L K,
carbohydrate—electrolyte— 0.02 mmol/L Ca, and
protein solution, a 0.05 mmol/L Mg). Both groups: 21 km treadmill time trial
Gui et al. [35] Carbo.hydrate—electrolyte: 11 women Running 324 £g6.7 Placebo group: - 150mL of assigned (self-paced after 5 km at
solution, and a noncaloric sweetened drink drink every 2.5 km 70% VOoumax)
sweetened placebo on without CHO e
21 km running performance (13.05 mmol/L NA,
and cognitive function. 1.79 mmol/LK,
0.02 mmol/L Ca, and
0.05 mmol/L Mg).
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
CHO-E group: sports
To investigate the effect of drink 7.6% of CHO-E Both groups:
carbohydrate—electrolyte (20.4 mmol /L NA, 6 . /ke bod
feeding on time trial cycling Men = 0.31 mmol /LK, - d:;;ing égmci)n };v I;&:Islsup
joentpetah ] ST Compe o0 BT g B4 pommiChand 3SRy mev
standardised conditions, 21 +£28 Placebo group: and 715 {: Zf total work
without additional sweetened drink with comprete
measurements. 0.5% CHO.
CHO-E group: sports
To explore the effects of a drink
sugar-free, electrolyte MIDS 6% of CHO-E
beverage on 5-kilometre time (8.70 mmol/L NA and
trial performance, hydration 2.67 mmol /L K).
markers, blood electrolytes P!ac'ebo group: Both - 473 mL of
McIntosh et al. [37] and metabolites, fuel 20 (10 men; Runnin 8 44 distilled water. . d?’i nkgflgilfvié h rr415 ?n - 5-kilometre treadmill
. oxidation, and perceptions of 10 women) g MI.DS bgverage. sports bof Y time trial
mood compared to a standard drink without CHO rest before exercise.
commercially available (19.57 mmol/L Na,
carbohydrate sports beverage 16.09 mmol/L K,
and distilled water as a 2.53 mmol/L Ca,
positive control. 2.06 mmol/L Mg,

1.27 mmol/L Po).
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
- CHO-E group: sports Bot'h groups: 2 mL/kg body

To determine the effects of a drink of 7% of CHO weight (130-174 mL) of the

carbohydrate—electrolyte (9.7 mmol/L Na, assigned beverage: . o
Millard-Stafford beverage during a United 8 . 5.0 mmol/L K and - After the swim Slmulated‘ Olympic tr}athlon:
et al. [38] States Triathlon Series distance men Running 296 £3.7 9.7 mmol/L CI). - Every 8 km 1.5 km swim, 40 km bike and

triathlon in a - Placebo group: during cycling 10 km run.

warm environment. sweetened drink - Every 3.2 km

without CHO-E. during running

To evaluate the effect of 7% - CHO-E group: sports  Both groups:

carbohydrate—electrolyte drink drink of 7% of CHO - 400 mL of assigned 40 km outdoor run:

on physiological responses, (9.7 mmol/L Na, drink 30 min - First 35 km at
Millard-Stafford hydration status and exercise 10 . 5.0 mmol/L K and before the test self-selected
et al. [39] performance in male distance men Running 321+6 9.7 mmol/L Cl). _ 250 mL of assiened training pace

runners during a simulated - Placebo group: drink every 5 1§m - Final5km at

40 k road race under warm, sweetened drink of running race effort

humid conditions. without CHO-E.

To examine the influence of - CHO-E group: sports

ingesting a 6.5% drink 6.5g% OF CI-};O-E Both groups: MOdifi?d Loughborough

carbohydrate—electrolyte (21 mmol/L Na, - 65mL/kgbody mass  [ntermittent Shuttle Test

solution, flavoured water or a 0.56 mmol/L K). consumed as a bolus (LIST) in a hot environment:

taste placebo on exercise - Placebo group: before exercise - Part A: Five 15 min
Morris et al. [28] capacity and the physiological 9 men Running 233+ 1.4 sweetened drink - 4.5 mL/kg consumed sets of intermittent

and metabolic responses without CHO during each 15 min shuttle running (walk,

during a modified version of (2 mmol/L Na). exercise set and 4 min jog, cruise, and sprint)

the Loughborough - Flavoured water group rest period (approx. - Part B: 60 s run/60 s

Intermittent Shuttle Test in a (6 mmol/L Na, every 19 min) rest until exhaustion

hot environment. 0.08 mmol/L K).

https://doi.org/10.3390/app16062967
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
CHO-E 6%: sports
drink 6% of CHO-E
(20 mmol /L Na, . ..
3.2 mmol/L K). Intermittent cycling in a
To determine the effect of CHO-E-8%: sports warm environment:
ingesting fluids of varying drink 8% of CHO-E - Three 20 min bouts at
carbohydrate content upon (20 mmol/L Na, All groups: 2.5 mL/kg of 65% VOomax, €ach
Murray et al. [40] Sensory response, 12 men Cycling  30.7 £49 3.2 mmol/L K). body weight Qurmg the follgwecl by
physiological function, and CHO-E 10%: sports 5 min rest periods between 5 min rest
exercise performance during drink 10% of CHO-E exercise bouts. - Final task:
1.25 h of intermittent cycling (20 mmol/L Na, 1200 pedal revolutions
in a warm environment. 3.2 mmol/L K). as fast as possible
Placebo group:
sweetened drink
without CHO-E.
Prolonged Intermittent
CHO-E group: sports High-Intensity Shuttle
To exa.mine the influence of drink 6.9% of CHO-E Both groups: Running Test (PTHSRT)
ingesting a commonly (21 mmol/L Na, ; 5 mL/ke bod - Part A: 75 min of
available sports drink 0.56 mmol /L K). ioht ) c}il tel intermittent running
(6.9% CHO-electrolyte Placebo group: xl;veflg ymmediately (sprint, jog at 55%
Nicholas et al. [45] solution) on sprint 9 men Running 24.8 + 0.6 sweetened drink elore exercise VOsmax, and cruise at
performance and running without CHO-E. ) 2 mL/f Sg dey weight 95% VOomax)
capacity during a prolonged Flavoured water group Zveljy mn - Part B: Alternating
intermittent, high-intensity (6 mmol/L Na, urng exercise 20 m runs at 55% and
shuttle running test. 0.08 mmol/L K). 95% VOpmax until

exhaustion
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
Both groups:
To provide further practical - 250 mL ingested
insight into the influence of CHO'E goroup: sports 15 min before the
ingesting a 12% ar;nk 12 1/ (}chfl\(I:I_)IO-E first half
mmo a). .
Rodriguez- carbohydrate—electrolyte Placebo eroun: - 250 mL mgestefl at Soccer match simulation
Lo beverage on soccer skill 18 men Soccer 18 £ 2 group: half-time (15 min ;
Giustiniani et al. [9] sweetened drink (90 min)
performance and ) before second half)
high-intensity running without CHO - Total: 500 mL
capacity in professional youth (17 mmol/L Na). providing 60 g CHO
academy soccer players. (CHO-E group)
CHO-E group: sports
To examine the effect of drink 6.5% of CHO-E  Both groups:
ingesting a (21 mmol/L Na, - 8 mL/kg of BW
carbohydrate—electrolyte 0.56 mmol/L K). 15 min prior
Rollo and Williams solution on the 1 h running 10 men Running 3449 Placebo group: to exercise 1 h self-paced treadmill run
[18] performance of club athletes sweetened drink - 2 mL/kg of
who consumed a without CHO BW 15 min
high-carbohydrate breakfast (21 mmol/L Na, during exercise
3 h before exercise. 0.56 mmol/L K).
CHO-E group: sports )
drink 6.5% of CHO-E ~ Both groups:
To investigate the influence of (21 mmol/L Na, ) 8 mL./kg (.)f BW
Rollo and Williams ingesting a 6.4% CHO-E 0.56 mmol /L K). 30 min prior
[46] solution on the total distance 8 men Running 31+8 Placebo group: to exercise 1 h self-paced treadmill run
completed during a 1 hr sweetened drink - 2mL/kgof
running performance test. without CHO BW,15 mun-
(21 mmol/L Na, during exercise
0.56 mmol/L K).
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
CHO-E group: sports
drink 6.5% of CHO-E
To investigate the influence of (21 mmol/L Na, - Mouth rinsed
mouth rinsing a 0.56 mmol /L K). immediately before,
Rollo et al. [17] 6.4% CHO-E solution on 10 men Running 25+4 Placebo group: and at 15, 30 and 1 h self-paced treadmill run
self-selected running speed sweetened drink 45 min during the
and distance covered in 1 h. without CHO 1hrun test.
(21 mmol/L Na,
0.56 mmol/L K).
CHO-E group: sports Both groups:
drink 6.5% of CHO-E - 8mL/kgof BW
To assess the relative effect of (21 mmol/L Na, 30 min prior
mouth rinsing and ingesting a 0.56 mmol/L K). to exercise
Rollo et al. [47] carbohydrate—electrolyte 10 men Running 26+ 6 Placebo group: B 25 mL 1mme.d1ately 1 h self-paced treadmill run
solutionon 1h sweetened drink before exercise
running performance. without CHO - 2mL/kg .Of
(21 mmol/L Na, BW 15 min
0.56 mmol /L K). during exercise
CHO-E group: sports
drink 5.5% of CHO-E
(26.5 mmol/L Na,
2.56 mmol/L K). All .
To examine the effects on CHO_E goroup: sports groups:
performance of drinking two drink 6.9% of CHO-E B 3 mL/ k'g BW 42.2 km treadmill marathon
Tsintzas et al. [41] CHO-electrolyte solutions and 7 men Running 44 +13.2 (23.9 mmol/L Na, immediately before (self-paced after 5 km at
water during three 5.12 mmol/L K). the run 70% VOomax)
treadmill marathons. Placebo group: - 2 mL/kg every 5 km
sweetened drink
without CHO
(21 mmol/L Na,
0.56 mmol/L K).
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Table 1. Cont.

Authors Objectives gla;:lzrls Sport Age (Years) Supplementation Drinks Supplementation Strategy Protocol
B CHO-E group: Both groups: Simulated intermittent
Sports drink 6% of CHO-E - 5 mL./ kg of 6% CHO high-intensity team
(20 mmol/L Na, 3.2 mmol/L solution/placebo sport protocol:
To investigate the effects of Men = K) b'efore exercise and ];efoielzv ar?g;pCH o - Four 15 min quarters
CHO ingestion on physical during quarters. B m ,/ g o167 of shuttle runnin
8 phy 10 (5 men; 24.6 + 4.1 1 o lution/placebo aft &
Welsh et al. [29] and mental function during 5 women), Running W(.>men - Sports drink 6% of CHO-E soiution/ placebo after jumping, sprinting,
THI shuttle running that most 10 4 46 (20 mmol / L Na, 3.2 mmol/L QTR-1, HALF, QTR-3, and jogging
closely simulated a game. ’ ’ K) at halftime. and QTR-4 - 20 min halftime break
y & - 5mL/kg of 18% CHO
- Placebo group: /X8 ’ - Followed by a shuttle
. solution/placebo .
sweetened drink t halfti run to fatigue
without CHO-E. athattime
- CHO-E glucose group:
sports drink
To determine whether or not 5% of CHO-E (20
Ehere gr'e 511?}’ positive benefits mmol /L Na). All groups: 30 km treadmill time
rom drinkin - - -
- carbohyl drateg—electrolyte . ging fpn;f::ilerink - 250 mL of assigned trial (first 5 km at
Williams et al. [42] solutions, rather than water, 12 men Running  30.8 +10.8 59 of CHOLE ] (liérz)nk IEefore V\;alim-up 701°§o VOsmax, then
on running performance (20 mmol/L Na). mL every > km self-paced)
during 30 km treadmill - Placebo group:

time trials

sweetened drink
without CHO-E.
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Table 1. Cont.

Authors Objectives S.ample Sport Age (Years) Supplementation Drinks Supplementation Strate Protocol
] Size (n) P 8 PP pp gy
All groups:
- 50 g CHO from 770 mL
To examine the influence of CHO-E group: sports of 6'50/ ° C_HO'E Two treadmill runs (T1 and
ingesting large and small drink of 6.5% of CHO solut'1on mgested T2) separated by 4 h
amounts of CHO, during a4 h (24 mmol/L Na, :éo rgm after first run recovery (REC)
I - HO-E group: same
Wong and Williams recovery from prolonged . 2.6 mmol/L Kand group - T1: 90 min at
[30] running, on subsequent 9 men Running 343 £7.2 1.2 mmol/L Ca). CHQ—E solution every 70% VOnyay
endurance running capacity Placebo gtoup: 30 min for 3 h - T2: run to exhaustion
when the subjects were sweetened drink ) Placebo group: at same speed
fully rehydrated. without CHO-E. ingested placebo
solution in
same volumes
CHO-E group: sports All groups: i
i g OP~ p 795 mL of fluid 30 min after 1w treadmill runs (T1 and
To examine the effects of drink of 6.5% of CHO first run (T1) T2) separated by 4 h
rehydration per se and (22;1 mmo;; II: Ilzla, q CHO-E group: recovery (REC)
i .6 mmo an - - : ) .
Wong et al. [31] T‘ehydl.‘atlon p.lus CHO 9 men Running 264 £ 5.1 1.2 mmol/L Ca) 50 g CHO - T1: 90 min at
ingestion during 4 h of . . o 70% VOaumax
recovery on subsequent Placebo group: Remaining volume (to reach T2: run to exhaustion

endurance running capacity.

sweetened drink
without CHO-E.

200% of body mass lost)
ingested in 5 equal doses
every 30 min over 3 h

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.

https://doi.org/10.3390/app16062967


https://doi.org/10.3390/app16062967

Appl. Sci. 2026, 16,2967

17 of 30

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
Bums[t;;? eal 34 1 1 1 0 0o 1 1 1 1 8  Moderate
Chryssanthopoulos .
etal. [33] 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
Da‘”[si’ﬁ eal 9 1 1 1 1 1 1 1 1 1 10 High
Des"f% eal 7 1 11 1 1 1 0 1 1 9 High
Fallow[legd eal 7 o 1 0 0o 0o 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
J euke“gg‘]lp a3 3 9 1 1 0 0o 1 1 1 1 7  Moderate
MCI“E;}]‘ eal 3 7 1 1 0 o0 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 .
etal. [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
Nicholasetal. 4oy 1 1 1 1 1 1 1 9 High
[45]
Rodriguez-
Giustiniani et al. 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
Tsmt[szl a3y 4 9o 1 1 0o 0o 1 1 1 1 7  Moderate
Welsh et al. [29] 1 1 0 1 1 1 1 1 1 1 1 9 High
Wﬂha[‘g? eal 4 4 9 1 1 0o 0o 1 1 1 1 7  Moderate
Wong and .
Williams. [30] 1 1 1 1 1 1 1 1 1 1 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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Subjects were randomly allocated to groups.

Allocation was concealed.

The groups were similar at baseline regarding the most important prognostic indicators.
There was blinding of all subjects.

There was blinding of all therapists who administered the therapy.

There was blinding of all assessors who measured at least one key outcome.

P NN

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 (I? = 38%) (Figure 2). The subgroup (condition) analysis showed moderate
heterogeneity (I> = 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 (I> = 39%) compared to the placebo
group in time to exhaustion (Figure 2). No differences (p = 0.49) with low heterogeneity
(I> = 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 (I> = 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 (I = 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 (1% = 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 (I> = 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 (1> = 83%) compared to the placebo group in blood
glucose levels (Figure 3). Significant differences (p = 0.01) with moderate heterogeneity
(I? = 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 (I> = 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 (I? = 73%)
(Figure 3).

CHO-E Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Time to exhaustion
Bilzon et al. 2000 609 1986 13 448 1083 13 27% 0.97[0.15,1.79)
Davis et al. 2000a 111 6.42 8 848 462 8 21% 044 [-0.55,1.44) —
Davis et al. 2000b 11.16 5.88 8 848 462 8 21% 0.480.52,1.48) 1
Fallowfield etal. 1995 62 17.54 8 398 1725 8 18% 1.21[0.11,2.30)
Foskettetal. 2008 158 184 6 131 19.7 6 15% 1.0210.22, 2.26] =
Morris et al, 2003 7099 1941 9 7786 2223 9 23% -0.311.24,062] - 1
Welsh et al. 2002 3.58 1.49 10 261 1.33 10 24% 0.66 [-0.25,1.56] =
Wong et al. 2000 569 243 9 B54 234 9 23% -0.34 1.27,0.59) —
Wong et al. 2000 b 69.3 165 ] 45 12.6 9 18% 1.58[0.48,267)
Subtotal (95% CI) 80 80 19.1% 0.60[0.17, 1.02] P
Heterogeneity. Tau®= 0,16, Chi* = 13.22, df = 8 (P = 0.10), F = 39%
Test for overall effect: Z= 2.76 (P = 0.008)
1.1.2 Time to complete
Burstein etal. 1984a 5257 109812 24 5252 79328 24 41% 0.01 [-0.56,0.57] R
Burstein etal. 1984b 5253 74824 24 4640 23208 24 38% 1.08[0.48,1.70) S
Chyssanthopoulos etal. 1994 1217 20.09 10 1218 1764 10 25% -0.01 F0.88,0.87) 1
Desbrow et al. 2004 625 6.75 9 626 652 9 23% -0.0210.94,0.91] I E——
Guietal 2017 1206 88 11 136 15 11 26% -0471.32,038) — = 1
Jeukendrup et al. 1997 5874 227 19 6015 283 19 36% -054F1.19,011) == 1T
Melntosh etal. 2024a 2853 505 20 2845 447 20 37% 0.02 [-0.60, 0.64] I —
Meintosh etal. 2024b 2829 524 20 2845 447 20 3.7% -0.03 [-0.65, 0.59) T
Millard-Stafford et al. 1890 1419 88 10 1431 75 10 25% -014F1.02,0.74) L
Millard-Stafford et al. 1992 1499 1414 8 1498 1328 8 21% 0.010.97,099 I E—
Murray et al. 19892 13.02 083 12 13862 1.04 12 27% -0611.43,022) I
Murray et al. 1989b 133 087 12 1362 1.04 12 28% -0.32[1.13,048] = [
Murray et al. 1989¢ 1357 07 12 13862 1.04 12 28% -0.05 [-0.85, 0.75)
Tsintzas et al. 1995a 190 10.32 7 1938 1323 7 19% -0.31 [-1.36, 0.75) .
Tsintzas et al. 1995h 1924 873 7 1938 1323 7 19% ~013F1.17,0.92) I—
Williams et al. 1930 fruct 1259 1798 12 1283 177 12 28% -0.18 F0.99,0.62) -
Williams et al. 1990 glue 1248 148 12 1283 ATF 12 28%  -027[1.07,054 —_— T
Subtotal (95% CI) 229 229 48.7% -0.07 [-0.28, 0.13] &
Heterogeneity: Tau?= 0,03; Chi*= 19.47, df =16 (P = 0,25), F=18%
Test for overall effect Z=0.70 (P = 0.49)
1.1.3 Covered distance
Rodriguez-Giustiniani etal. 2019 466,67  157.57 18 41818 115.25 18 35% 0.34 £0.32,1.00) i
Rollo and Williams. 2009 14,046 1104 8 13,715 1143 g 21% 0.28F0.71,1.26] R
Rollo and Williams. 2010 13,589 1635 10 13880 1525 10 25% -0.06 F0.83,0.82] Y
Rollo etal. 2010 14,298 685 10 14,088 732 10 25% 0.29F0.60,1.17) S [ S—
Rollo etal. 2011 14,515 756 10 14,190 800 10 25% 0.40F0.49,1.29 Pag—
Subtotal (95% CI) 56 56 13.1% 0.26 [-0.11, 0.63] R
Heterageneity. Tau® = 0.00; Chi* = 0,66, df = 4 (P = 0.96); F= 0%
Test for overall effect Z=1.38 (P=0.17)
1.1.4 Precision variables
Ali etal. 2007 dominant 50.83 538 16 54 533 16 32% -0.581.29,0.13) E——
Ali etal. 2007 non-dominant 1.08 035 16 091 047 16 3.3% 0.40F0.30,1.10) S I —
Rodriguez-Giustiniani et al. 2019 dominant 6.99 0.58 18 641 0.75 18 3.4% 0.85[0.16,1.53) ——
Rodriguez-Giustiniani et al. 2019 non-dominant 635 058 18 564 084 18 33% 0.88 [0.20,1.57) TS
Subtotal (95% CI) 68 68 13.2% 0.39[-0.27, 1.05] Bl
Heterogeneity. Tau® = 0.33; Chi= 10.81, df= 3 (P = 0.01); F=72%
Test for overall effect Z=1.17 (P = 0.24)
1.1.5 Cycling power
Deshbrow et al. 2004 283 25 9 2828 293 9 23% 0.00 F0.92,0.93) —
Jeukendrup et al. 1997 2975 44.89 19 Fill 449 19 36% 0.14 F0.50,0.78) s
Subtotal (95% Cl) 28 28 6.0% 0.10 [-0.43, 0.62]
Heterogeneity: Tau*= 0.00; Chi*= 0.06, df =1 (P = 0.81); F=0%
Test for overall effect Z= 0.36 (P = 0.72)
Total (95% CI) 461 461 100.0% 0.16 [-0,01, 0.33] L
Heterogeneity: Tau? = 0.10; ChF = 58.25, df= 36 (P = 0.01); F= 38%

X -2 -1 1 2
Test for overall effect: Z= 1.86 (P = 0.06) Favours [Placebo] Favours [CHO-E]

Testfor subaroun differences: Chi*= 9.42. df= 4 (P=0.05).*=57.6%

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;
¢ = 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 (I> = 0%) (Figure 4). The subgroup (condition) analysis showed low
heterogeneity (I?> = 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 (I = 0%) compared to the placebo group in blood sodium
levels (Figure 4). No significant differences (p = 0.13) with low heterogeneity (I? = 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 (12 = 0%)
(Figure 4).
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Heterogeneity: Tau*= 0.38; Chi* = 25.93,df= 11 (P = 0.007); F= 58%
Testfor overall effect Z= 247 (P = 0.01)

CHOE Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean __SD Total Mean __SD Total Weight _IV,Random, 95% Cl IV, Random, 95% CI
2.1.1 Glucose
Alletal. 2007 521 079 16 39 114 16 16% 130(0.53,2.07] e
Burstein etal. 1994 d1 72 1372 24 776 279 24 16%  -006F052,051] -
Burstein etal. 1994 42 798 24 797 198 24 16%  -013H070,043) s
Burstein etal. 1994 d3 32 1372 24 119 291 24 16%  -0.86H1.46,-0.27) =
Burstein etal. 1994 d4 102 142 24 466 022 24 13% 536(4.11,662] o
Chyssanthopoulos etal. 1994 535 092 10 604 152 10 15%  -053(1.42,037) -
Davis etal. 2000 581 308 8 5 059 8 15% 035064133 -
Davison etal. 2008 787 15 10 47 028 10 13% 281(150,4.12) ==
Desbrow etal. 2004 539 08 9 478 08 9 15% 0730024159 =
Fallowfeld et al. 1995 367 074 8 349 274 8 15%  008[0.90,1.07] Sl
Foskett ot al. 2008 end 592 083 6 567 089 6 14%  027F087,1.41] =
Foskett et al. 2008 post 688 053 6 479 087 6 11% 268(0.95,4.41] ——
Guietal 2017 553 105 11 445 101 11 15% 1.01(0.11,1.91] —
Mclntosh etal. 2024a 809 86 20 839 52 20 16%  -041F.04,021] =
Mcintosh et al. 2024 841 52 20 839 52 20 16% 0041058066 r
Milard-Stafford etal. 1990 bike 591 063 10 526 047 10 15% 1.12(0.16,2.08] ==
Millard-Stafford et al. 1990 run 691 101 10 612 126 10 15%  066[0.24,157) =
Milard-Staford etal 1990 swim 644 12 10 621 126 10 15%  018F0.70,1.06] i
Milard-Stafford et al. 1992 733 218 8 484 266 8 14%  0970009,202 —
Morrs etal. 2003 7215 9 64 18 9 15%  046(0.48,1.40) T
Nicholas etal. 1995 end 568 025 9 431 017 9 1% 3.43(1.86,5.00 o
Nicholas et al. 1995 post 472 025 9 373 019 9 10% 425(243,6.07) —_—
Rodriguez Giustiniani et al. 2019 49 04 18 43 04 18 16% 1.47(072,2.21) =
Rollo and Williams. 2009 662 095 8 549 094 8 14% 143(0.05,2.21] —
Rollo and Williams. 2010 493 071 10 469 029 10 15%  042(0.46,131] T
Rollo etal. 2010 43 03 10 43 03 10 15%  0.00{08,088) -
Tsintzas etal. 1995a 505 122 7 433 108 7 14% 059049166 T
Tsintzas etal. 1995b 464 095 7T 433 108 T 14%  020H077,134) =
Welsh etal. 2002 646 168 10 496 092 10 15% 1.08(0.11,201] -
Williams et al. 1990 fruct 476 069 12 347 052 12 14% 204 1.02,3.06] —
williams et al. 1990 gluc 456 069 12 347 052 12 15% 1.72(0.76, 2.68] =
Wong etal. 2000 395 069 9 441 042 9 15%  -075F.71,021] =
Wong etal. 2000 b end 504 387 9 495 261 9 15%  003[0.90,099 -
Wang etal. 2000 b post 419 18 9 387 279 9 15%  013[080,1.09) e
Subtotal (95% CI) 406 406 493%  082[0.45,1.19] *
Heterogeneity: Tau*= 0.99; Chi* = 192.73, df = 33 (P < 0.00001); F= 83%
Test for overall effect Z= 4.29 (P < 0.0001)
2.1.2Insulin
Chyssanthopoulos et al 1994 45 063 10 52 22 10 18%  -0.41F130,047) =T
Davis etal. 2000 15667 25456 8 170 24135 8 15%  -0.0511.03,093 =1
Fallowfeld et al. 1995 277 001 8 385 303 8 14%  -048[1.47,052) T
Foskettetal. 2008 end 1431 349 6 1062 329 6 13%  100£0.23,224 =
Foskettetal. 2008 post 1205 247 6 753 467 6 13%  112p014,237) —
Morrs etal. 2003 157 B9 9 10 42 9 15%  095[0.04,194) =
Nicholas etal. 1995 end 1039 345 9 929 135 9 15%  040H054,134) T—
Nicholas etal. 1995 post 1652 348 9 781 114 9 12% 3.20(1.70,4.71) e
Tsintzas etal. 1995a 42 132 7 31 106 7 14%  086£025197) =
Tsintzas etal. 1995 34 079 7 31 1068 7 14%  030[0.76,136 -—
Welsh et al. 2002 5145 2701 10 109 2213 10 15% 1.05(0.10,2.00] —
Wong etal. 2000 643 234 9 577 267 9 15%  025H068,1.18) i
Subtotal (95% CI) 98 98 169%  058[0.121.05] *
2.1.3 Free Fatty Acids

Davis etal. 2000 024 014 8 071 025 8 13% -219F351,-089) e

Davison etal. 2008 08¢ 02 10 097 03 10 15%  -0.49F1.38,040) =1
Fallowfeld et al. 1995 09 023 8 106 031 8 15%  -035(.34,064) -
Foskettet al 2008 end 029 015 6 107 036 6 11% 261 F4.32-091] =

Foskettetal. 2008 post 065 021 6 103 038 6 13%  -112(238,014) —

Mons etal. 2003 029 012 9 053 033 9 15%  -082f191,008 —]

Nicholas etal. 1995 end 06 008 9 06 008 9 15% 0004092092 i

Nicholas et al. 1995 post 07 003 9 12 009 9 09% -520}745-313 ————

Tsintzas etal. 19953 085 019 7 108 019 7 14%  -113[229,003 —

Tsintzas etal. 1995b 085 021 7 108 019 7 14%  -108[222,007]

Welsh etal. 2002 02 006 10 047 171 10 15%  -0.211.09,067) ==
Williams et al. 1990 fruct 099 007 12 124 015 12 14%  -206£300-1.04] ——
Williams et al. 1990 gluc 147 01 12 124 045 12 15%  -053(1.35029) =
Wong etal. 2000 097 033 9 144 039 9 14% -1.24[227021) —
Wong etal. 2000 b 085 039 9 13 05 9 15%  -083(H.80,014) —
Subtotal (95% C) 131 131 205%  -1.11[-157,-065] *

Heterogeneity: Tau*= 0.50; Chi*= 37.89, df= 14 (P = 0.0005); = 63%
Testfor overall effect Z= 4.73 (P < 0.00001)

2.1.4 Giycerol

Fallowfield etal. 1995 096 023 8 106 031 8 15%  -0.35(134,064] r
Foskett et al. 2008 end 029 015 6 107 036 6 11%  -261F432,-091] —
Foskett ot al. 2008 post 065 021 6 103 039 6 13%  -1.12(238,014] —1
Nicholas et al. 1995 end 06 008 9 06 008 9 15% 0.00 £0.92,092) -
Nicholas et al. 1995 post 07 008 9 12 009 9 08% -529745-313 ————

Tsintzas etal. 1995a 085 019 7 108 019 7 14%  -1.13(229,0.03] —
Tsintzas et al. 1995b 085 021 7 108 019 7 14%  -1.08(222,007] —
Wwillams et al. 1990 fruct 059 014 12 067 005 12 15%  -0.73F1.57,0.10) —
Willams et al. 1990 gluc 062 007 12 067 005 12 15%  -0.79F1.63,0.04] —
Wong etal. 2000 033 008 9 055 004 9 12% -3.01 F4.45-156) —
Subtotal (95% CI) 85 85 132%  -1.35[-2.04,-0.66] >

Heterogeneity: Tau*= 0.86; Chi*= 32.86, df= 9 (P = 0.0001); F= 73%
Testfor overall effect Z= 3,82 (P = 0.0001)

Total (95% CI) 720 720 100.0%  0.09}-0.20,0.38]
Heterogeneity: Tau*= 1.20; Chi*= 418.19, df= 70 (P < 0.00001); = 83%

Testfor overall effect Z= 0.62 (P = 0.54)

Testfor subaroun differences: Ch*= 61.33. df= 3 (P < 0.00001). F= 95.1%.

4 -2 LR
Favours [placebo] Favours [CHO-E]

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 (1> = 21%) (Figure 5). The subgroup (condition) analysis showed
high heterogeneity (1> = 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 (I> = 0%) compared to the placebo group

in VOpmax (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 (I> = 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 (I = 27%) (Figure 5).
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CHO-E Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Sodium
Burstein etal. 1994 d1 143 098 24 143 049 24 36% 0.00 (.57, 0.57] S
Burstein etal. 1994 d2 1426 7.35 24 1425 1617 24 36% 0.01 F0.56, 0.57] I —
Burstein etal. 1994 d3 1391 931 24 1389 735 24 36% 0.02 F0.54,0.59] I —
Burstein etal. 1994 d4 139 098 24 138 098 24 32% 1.00[0.40, 1.61]
Chyssanthopoulos et al. 1994 end 144 19 10 1445 253 10 15% -0.21 .09, 0.67) —_—
Chyssanthopoulos et al. 1994 pre 140.8 1.58 10 1414 158 10 1.5% ~0.36 [+1.25, 0.52] —_———1
Davison et al. 2008 end 140.97 2 10 14003 224 10 15% 0.42 F0.46,1.31] —
Davison et al. 2008 pre 138 1.24 10 137 1.57 10 1.4% 0.68 F0.23, 1.58]
Fallowfield et al. 1995 end 144 556 16 1386 7.35 16 2.2% 0.81[0.08, 1.53]
Fallowfield et al. 1995 pre 142 481 16 139 877 16 2.3% 0.41 £0.29,1.11] 7
Mclntosh et al. 2024a end 138 3.2 20 1372 5.2 20 3.0% 0.18 (0.44,0.80] S e —
Mcintosh et al. 2024a mid 1388 32 20 1389 29 20 3.0% -0.03 F0.65, 0.59] . IE—
Mcintosh et al. 2024a pre 1385 36 20 1375 239 20 3.0% 0.32 +0.30,0.94] =
Mcintosh et al. 2024b end 138 3.81 20 1372 5.2 20 3.0% 0.17 F0.45,0.79] —T
Mcintosh et al. 2024b mid 1388 36 20 1389 29 20 3.0% -0.03 H0.65, 0.59] S (E—
Mcintosh et al. 2024b pre 138.2 2 20 1375 239 20 3.0% 0.31 £0.31, 0.94] -
Millard-Stafford et al. 1992 end 144 339 8 1438 3 8 1.2% 0.06 0.92, 1.04]
Millard-Stafford et al. 1992 mid1 1444 226 8 1439 198 8  1.2% 0.220.76,1.21]
Millard-Stafford et al. 1992 post 1428 3.96 8 1419 368 8 1.2% 0.22 F0.76,1.21] —
Millard-Stafford et al. 1992 pre 1401 3.1 8 1408 1.7 8  1.2% -0.26 H.25,0.72)
Nicholas et al. 1995 144 1 9 143 2 9  1.3% 0.60 {-0.35, 1.55] —
Wong etal. 2000 b end 143 9 9 138 9 9 13% 053 0.42,1.47] G
Wong etal. 2000 b post 144 9 9 143 9 9  13% 0.11 £0.82,1.03] —
Wong et al. 2000 end 141 4 9 141 3 9  1.3% 0.00 +0.92,0.92]
Wong et al. 2000 pre 145 ] 9 144 3 9 13% 0.20F0.73,1.13] ]
Subtotal (95% CI) 365 365 53.5% 0.2210.07, 0.36] L 2
Heterogeneity: Tau?= 0.00; Chi*= 18.4, df = 24 (P = 0.78); F= 0%
Test for overall effect Z= 2.90 (P = 0.004)
3.1.2 Potassium
Chyssanthopoulos et al. 1994 end 54 063 10 54 0863 10 1.5% 0.00 0.88, 0.88] I EEE—
Chyssanthopoulos et al. 1994 pre 47 032 10 44 032 10 1.3% 0.90 (0.03,1.83] 1
Davison et al. 2008 end 432 06 10 4.27 0.3 10 15% 0.10 F0.78,0.98] ——
Davison et al. 2008 pre 468 051 10 455 0.36 10 15% 0.28 F0.60, 1.16] 7
Fallowfield et al. 1995 end 448 045 16 424 051 16 2.3% 0.49F0.22,1.19] ]
Fallowfield et al. 1995 pre 395 0.2 16 39 037 16 2.4% 0.16 0.53, 0.86] [ E—
Mcintosh et al. 2024a end 45 05 20 45 049 20 3.0% 0.00 F0.62,0.62] )
Mcintosh et al. 2024a mid 5 045 20 53 113 20 29% -0.34 F0.97,0.28) —
Mcintosh et al. 2024a pre 48 049 20 44 045 20 27% 0.83[0.18, 1.48]
Mcintosh et al. 2024b end 46 07 20 45 049 20 3.0% 0.16 F0.46,0.78] S a—
Mcintosh et al. 2024k mid 49 07 20 53 113 20 29% -0.4211.04,0.21] —
Mcintosh et al. 2024b pre 47 08 20 44 045 20 29% 0.45F0.18,1.08] =
Millard-Stafford et al. 1992 end 47 028 8 45 057 8  1.2% 0.42F0.57,1.42] 7
Millard-Stafford et al. 1992 mid1 47 028 8 48 057 8 1.2% -0.21 11.18,0.77] —
Millard-Stafford et al. 1992 post 43 028 8 44 057 8  12% -0.2111.19,0.77] —
Millard-Stafford et al. 1992 pre 4.4 057 8 43 028 8 1.2% 0.21 F0.77,1.19] SE—
Nicholas et al. 1995 48 01 9 49 0.1 9 12% -0.951.94,0.04] T
Wong etal. 2000 b end 143 9 9 138 9 9 1.3% 0.53 F0.42,1.47) —
Wong et al. 2000 b post 144 9 9 143 9 9  1.3% 0.11 £0.82,1.03] E—
Wong et al. 2000 end 141 4 9 141 3 9 13% 0.00 £0.92,0.92]
Wong et al. 2000 pre 145 6 9 144 3 9 1.3% 0.20 F0.73,1.13] E—
Subtotal (95% CI) 269 269 39.2% 0.14 |-0.04,0.31] @
Heterogeneity: Tau®= 0.01; Chi*= 21.30, df= 20 (P = 0.38); F= 6%
Test for overall effect: Z=1.51 (P=0.13)
3.1.3 Chlorine
Millard-Stafford et al. 1992 end 110 339 8 1089 226 8 1.2% 0.36 F0.63, 1.35] 7
Millard-Stafford et al. 1992 mid1 110 283 8 1089 198 8 1.2% 0.43H0.57,1.42) ]
Millard-Stafford et al. 1992 post 106.1 3.11 8 1051 283 8 1.2% 0.32 F0.67,1.31] —
Millard-Stafford et al. 1892 pre 1045 113 8 1036 1.41 8 1.1% 0.67 F0.35, 1.68] ]
Wong etal. 2000 b end 207 36 9 13 243 9 13% 0.24 H0.69,1.17] 7
Wong et al. 2000 b post 26 1.7 9 244 135 9 13% 0.10 -0.83,1.02] —_—
Subtotal (95% CI) 50 50 7.3% 0.34 [-0.06, 0.74] g
Heterogeneity: Tau®= 0.00; Chi*= 0.73, df= 5 (P = 0.98); F= 0%
Test for overall effect: Z=1.68 (P = 0.09)
Total (95% CI) 684 684 100.0% 0.19[0.09, 0.30] <
Heterogeneity: Tau®= 0.00; Chi*= 41.58, df= 51 (P=0.82); F= 0% _12 _51 13 %

Testfor overall effect: Z= 3.55 (P = 0.0004)

Favours [Placebo] Favours [CHO-E]

Test for subaroun differences: Chi*=1.02, df= 2 (P = 0.60), *= 0%

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 I°.
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CHO-E Placeho Std. Mean Difference
S oup Mean _ SD Total Mean D Total Weight IV, Random, 95% Ct
4.1.1VO2max

Chyssanthopoulos etal. 1994 755 917 10 764 632 10 12%  -0.114099,077)
Meintosh etal. 20242 317 03 20 317 089 20 20% 000462062
Melntosh etal. 2024k 381 096 20 347 080 20 19% 0.68(0.04,1.32)
Millard-Staflord etal 1980bike 6515 868 10 6687 816 10 12%  =021pH 05,067
Millarc-Statford etal. 1990 run 7364 914 {0 6955 98 10 12%  041[047,130]
Millard-Stafford etal 1990 swim 747 961 10 8106 858 10 12% =063 54,027
Millard-Stattord et al. 1992 6747 792 8 622 849 8 10%

Rollo and Williams. 2010 7T W M7 10 12% ;
Rollo etal, 2010 787 10 R 7 10 12%  018pH074,1.01
Rollo etal 2011 745 10 7 5 10 12% 000488088
Tsinizas et al. 1995a post 692 1746 7 855 127 7 09%  023H.83,1.28
Teintzas et al. 1605h post 762 1085 7 656 127 7 08% 0774033187
Wang etal. 2000 b 608 3 9 898 36 9 1% 000H.92,092
Sublotal (95% CI) 11 W1 162%  0.1610.08,0.39]
Heterogeneity. Tau*= 0.00; Chi*= 9.28, df= 12 (° = 0.68), F= 0%

Testfor overall effect 2= 129 (P= 0.20)

41.2RER

Alletal. 2007 09 004 16 09 003 16 17% 0004069069
Bilzon et al. 2000 089 007 13 083 004 13 13% 102[0.19,1.84)
Chyssanthopoulos etal. 1994 087 009 10 081 006 10 12% =050/ 39,039
Fallowfield etal. 1995 082 003 8 079 006 3 10%  060(0.41,161]
Guietal 2017 086 006 11 083 005 11 13% 0520033138
Meintosh etal, 20242 094 003 20 092 003 20 20% 065(0.02,1.29]
Melntosh etal. 2024b 094 004 20 082 002 20 20%  062H02,128
Milard-Stafford etal, 1990 bike 085 022 10 08 038 10 12%  -015H.03,077
Millard-Stafford etal. 1990 run 092 016 10 088 003 10 12%  033[055123
Millard-Statford et al, 1990 swim 09 003 10 082 003 10 12%  -064H.54,027)
Millare-Stafford et al, 1992 089 006 @ 082 008 8 09%  094H.11,198
Murray et al. 1983a 08 001 12 087 014 12 14%  029H.51,110)
Murray et al 19895 09 001 12 087 014 12 14%  029H051,110]
Murray et al. 1989¢ 091 003 12 087 014 12 14%  038H431.19
Rollo and Williarns. 2009 093 001 8 09 002 8 0% 1.79(0.58,3.01]
Rollo and Williams. 2010 034 004 10 089 003 10 10% 1.35(0.36, 2.35]
Rollo etal 2010 088 004 10 089 003 10 12%  -027H 15061
Rolloetal 2011 082 004 10 08 003 10 1%  054H03514¢)
Tsintzas ot al 19958 082 005 7 07 005 7 08% 0941019208
Tsintzas et al. 19950 081 005 7 077 005 7 08% 0750035185
Williams etal. 1390 fruct 088 003 12 086 004 12 14%  055(0.27,1.36
Williame etal. 1930 gluc 089 003 12 086 004 12 13% 0821002168
Wong et . 2000 089 003 9 083 006 3 09% 1.200.18,2.23)
Wong etal. 2000 b 091 018 9 085 018 9 11% 0321061125
Sublotal (95% CI) 266 266 295%  0.47[0.26,0.68]
Heterogenelty Tau'= 0.07; Chit= 1,62, 8= 23 (P = 0.11);F= 27%

Testfor overall eflect Z= 4 40 (P < 0.0001)

413 Heart rate

Chyssanthopoulos etal. 1994 170 632 10 186 632 10 12% 0611030151
Dawis etal. 2000 16653 1241 8 17102 865 & 10%  -040F1.40,059]
Davison et al. 2008 19 710 192 7 40 12%  055H0351.44)
Desbrowetal 2004 656 104 9 167 11 9 11%  -012F105080
Foskett et al. 2006 7 9 B 182 7 B 08% 0574059174
Guietal 2017 165 17 11185 13 11 13%  064H023,150)
Jeukendrup et al. 1997 764 305 19 748 380 19 19%  046(0.48,1.11)
Meintosh etal. 20242 18111 10 181 11 20 20% 000462062
MeIntosh etal, 20240 180 10 20 181 M 20 20%  -0.09H.7,053
Milard-Staford etal. 1990 bike 848 253 10 86 379 10 12%  -036[.24,053
Millard-Stafford et al. 1990 run 897 443 10 809 506 10 12%  -0.0410.92,084)
Millard-Stafford etal 1900 swim 076 506 10 100 032 10 12%  -067[1567,024)
Millard-Statford et al, 1992 9528 314 8 N3 552§ 09%  084H.20,187)
Moris et al. 2003 729 9 17 6 9 11%  -025[113,068
Nicholas etal. 1995 WO 3 8 17 3 9 1% 063432159
Rollo and Williams. 2009 158 8 8 15 10 8 10%  000H99,008
Rollo and Williams. 2010 10 1110 159 11 10 12%  0.09H079,09
Rollo etal. 2010 163 12 10 183 43 10 12%  0.0040.88,0.89)
Rolloetal. 2011 182 6 10 181 7 10 12% 01573102
Tsintzas et al 18958 159 1032 7 156 528 7 09%  057H05, 165
Tsintzas el al 1995b 157 529 7 154 539 7 09%  053H054,160]
Welsh et al. 2002 18220 1081 10 17886 1085 10 12%  030(058,119]
Williams etal. 1990 fuct 1748 12 187 13 12 13% 0631020145
Willlams etal. 1930 glue 769 12 18T 13 12 13%  078H06,161)
Wong etal. 2000 15715 9 1B 12 89 1%  -0421136067
Wong etal. 2000 1318 9 186 18 9 11%  -0.05(0.95,087)
Subotal (95% CI) 273 213 316%  0.1700.00,035]
Heterogeneity. Tau*= 0.00; Chi*= 21.06, o= 25 (P = 0.69) = 0%

Testfor overall effect Z= 201 (P=0.04)

4.1.4 RPE

Ghyssanthopoulos etal. 1994 17205 10 165 07 10 11% 1.10(0.15, 2.08]
Desbrow et al. 2004 154 17 9 154 17 9 14% 0004092097
Guletal 2017 12235 1 134 23 11 13%  -039H 24,048
Mintosh etal. 20242 144 15 20 T 14 20 20%  -0204082,043
Miniosh etal. 20240 42200 MT 14 20 20%  -017HL79,045)
Millare-Stafford etal. 1990 blke 1744 044 10 1623 152 10 14%  078F0.14,170)
Millard-Stafford et al, 1990 run 171310 1781 18 10 12%  -0.37H.26,0.51)
Milard-Stafford etal 1990 swim 1713 174 10 1633 193 10 12% 0421047131
Millard-Stafford et al, 1992 1786 184 8 1884 182 8 10%  -041H.41,058
Mortis et al. 2003 139 16 3 9 1% 0004092002
Murray et al, 19893 133 104 12 133 183 12 14% 0394042120
Murray et al. 19890 132 104 12 133 183 12 14% 0081087074
Murray et al. 1989c 138 104 12 133 183 12 14%  0324048,113
Nicholas etal. 1995 95 02 9 97 02 9 10%  -095(1.04004
Rollo andWilliams, 2009 o1 8 15 8 09%  -095(200,010]
Rollo andWillams. 2010 131 10 1 1 10 1% -096 89007
Rollo etal. 2010 4110 14 1 10 12% 0004088088
Wong etal. 2000 b 178 9 18 9 9 1% 011103082
Subtotal (95% Cf) 199 199 227%  -0.07H034,0.161

Heterogeneity: Taut= 0,07, Ch= 23 34, df= 17 (P = 0.14), F= 27%
Testfor overall eflect Z= 0.60 (P = 0.56)

Total (95% Ch)

Heterogensity: Tau*= 0.05; Chr* =
Testfor overall effect Z= 366 (P = 0.0003)

Testfor subaroup diflerences: Chi'= 11.66. df= 3 (P = 0.009). F= 74.3%

879 100.0% 0.20[0.09, 0.31]

879
100.99, df=80 (P= 0.06), F= 71%

B 1 2
Favours [experimental] Favours [control]

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 (VOymax; 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  Risk of . Indirectness - Publication = Quality of o
of Studies Bias Inconsistency of Evidence Imprecision Bias Evidence SMD [95% CI]
Effects of CHO-E on Sports Performance
Overall Not
effect No licabl No No No High 0.16 [—0.01, 0.33]
(n = 35) applicable
Time to ex- Not
haustion No 0 No Serious No Moderate 0.60 [0.17,1.02]
applicable
(n=9) PP
Time to
Not . —0.07
c&m:piit)e No applicable No Serious No Moderate [-0.28,0.13]
Distance Not
covered No licabl No Serious No Moderate  0.26 [—0.11, 0.63]
(n=5) applicable
Precision Serious
variables o o erious o oderate 39[-0.27, 1.
iabl N (12 = 72%) N Seri N Mod 0.39 [-0.27, 1.05]
(n=4) -
Cycling Not
power No . No Serious No Low 0.10[—0.01, 0.33]
applicable
n=2)
Effects of CHO-E on Metabolic Biomarkers
Overall Very
effect No Serious No No No Low 0.09 [—0.20, 0.38]
(n=35) (I% = 83%)
Glucose Very serious
(n = 34) No (12 = 83%) No No No Low 0.82[0.45,1.19]
(Igs:uilzn) No (Ige:“;’;j) No No No Moderate 0.58 [0.12, 1.05]
Free Fatty .
. Serious —-1.11
Acids No (12 = 63%) No No No Moderate [—157, —0.65]
(n=15)
Glycerol Serious —1.35
(n = 10) No (12 = 73%) No No No Moderate [~2.04, —0.66]
Effects of CHO-E on Blood Mineral Concentrations
Overall Not
effect No licabl No No No High 0.19 [0.09, 0.30]
(n = 25) applicable
Sodium Not .
(n = 25) No applicable No No No High 0.22[0.07, 0.36]
Potassium Not .
(n = 21) No applicable No No No High 0.14[—0.04, 0.31]
Chlorine Not .
(n=6) No applicable No No No High 0.34[—0.06, 0.74]
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Table 3. Cont.

Number  Risk of . Indirectness - Publication = Quality of o
of Studies Bias Inconsistency of Evidence Imprecision Bias Evidence SMD [95% CI]
Effects of CHO-E on Other Performance Descriptors
Overall Not
effect No applicable No No No High 0.20[0.09, 0.31]
(n =25) PP
VO No Not No No No High 0.16 [—0.08, 0.39]
Zmax applicable & ' R
Not .
RER No . No No No High 0.47 [0.26, 0.68]
applicable
Heart Not .
Rate No applicable No No No High 0.17 [0.00, 0.35]
Not . —0.07
RPE No applicable No No No High [-0.31,0.16]

No risk of bias was found in any study. I? > 40%: serious. I? > 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~! [58], while potassium losses are substantially lower, generally
around 3-8 mmol-L~! [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

https:/ /doi.org/10.3390/app16062967


https://doi.org/10.3390/app16062967

Appl. Sci. 2026, 16,2967

27 of 30

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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The following abbreviations are used in this manuscript:

CHO Carbohydrate

CHO-E Carbohydrate and electrolyte
@] Confidence interval

FFAs Free fatty acids

ORs Combined odds ratios

RER Respiratory exchange ratio
RPE Rated perceived exertion
SMD Standard mean difference
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