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Abstract

Background Athletes may complete consecutive exercise

sessions with limited recovery time between bouts

(e.g.B 4 h). Nutritional strategies that optimise post-exer-

cise recovery in these situations are therefore important.

Objective This two-part review investigated the effect of

consuming carbohydrate (CHO) and protein with water

(W) following exercise on subsequent athletic (endurance/

anaerobic exercise) performance.

Data Sources Studies were identified by searching the

online databases SPORTDiscus, PubMed, Web of Science

and Scopus.

Study Eligibility Criteria and Interventions Investigations

that measured endurance performance (C 5 min dura-

tion)B 4 h after a standardised exercise bout (any type)

under the following control vs. intervention conditions

were included: Part 1: W vs. CHO ingested with an equal

volume of W (CHO?W); and, Part 2: CHO?W vs.

protein (PRO) ingested with CHO and an equal volume of

W (PRO?CHO?W), where CHO or energy intake was

matched.

Study Appraisal and Synthesis Methods Publications were

examined for bias using the Rosendal scale. Random-ef-

fects meta-analyses and meta-regression analyses were

conducted to evaluate intervention efficacy.

Results The quality assessment yielded a Rosendal score

of 63± 9% (mean± standard deviation). Part 1: 45 trials

(n = 486) were reviewed. Ingesting CHO?W (102± 50 g

CHO; 0.8± 0.6 g CHO kg-1 h-1) improved exercise per-

formance compared with W (1.6± 0.7 L); %D mean power

output = 4.0, 95% confidence interval 3.2–4.7 (I2 = 43.9).

Improvement was attenuated when participants were ‘Fed’

(a meal 2–4 h prior to the initial bout) as opposed to

‘Fasted’ (p = 0.012). Part 2: 13 trials (n = 125) were

reviewed. Ingesting PRO?CHO?W (35± 26 g PRO;

0.5± 0.4 g PRO kg-1) did not affect exercise performance

compared with CHO?W (115± 61 g CHO; 0.6± 0.3 g

CHO�kg body mass-1 h-1; 1.2± 0.6 L); %D mean power

output = 0.5, 95% confidence interval - 0.5 to 1.6

(I2 = 72.9).

Conclusions Athletes with limited time for recovery

between consecutive exercise sessions should prioritise

CHO and fluid ingestion to enhance subsequent athletic

performance.
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Key Points

Carbohydrate co-ingested with water during and/or

following an initial bout of activity improves

subsequent endurance exercise performance

(? 4.0%D mean power output) compared with water

alone.

Whilst the magnitude of carbohydrate-mediated

performance-enhancement was significantly

diminished when participants were ‘Fed’ as opposed

to ‘Fasted’, a positive effect of carbohydrate was still

detectable under the ‘Fed’ condition.

No further performance enhancement was observed

with the addition of protein to a carbohydrate

containing beverage. The performance-enhancing

effect of protein demonstrated in some studies

appears to be a consequence of the additional energy

delivered in the nutrient, rather than an effect of

protein ingestion itself.

1 Introduction

Athletes undertaking heavy training or those involved in

sporting events with multiple disciplines may be required

to complete consecutive exercise sessions with limited

recovery time between bouts (e.g.B 4 h). A recent meta-

analysis highlighted the importance of consuming fluid

(even in volumes inadequate to completely replace sweat

losses) to optimise performance during a subsequent

exercise session [1]. However, consideration for nutrition

interventions that also optimise repletion of endogenous

substrate stores (e.g. muscle and liver glycogen) and/or

promote the immediate recovery of damaged/inflamed

muscle is required. Nutrition recommendations for post-

exercise recovery highlight the importance of high carbo-

hydrate (CHO) availability to maximise the rate of muscle

glycogen resynthesis, and also indicate that protein may

assist in both glycogen restoration (via an insulin-mediated

response) and muscle damage repair (via supply of amino

acids) [2]. However, trials involving consecutive exercise

are needed to determine whether these nutrients can convey

meaningful performance enhancements; particularly in a

context where limited recovery time exists between exer-

cise bouts (e.g.B 4 h). Under these circumstances, it may

not be possible to completely restore substrate losses [3], or

promote significant muscle damage repair and attempting

to do so may produce negative side effects [e.g. gastroin-

testinal (GI) discomfort] that hinder athletic performance.

Considerable scientific research has investigated the

effect of consuming CHO during and/or following an ini-

tial bout of activity on subsequent endurance exercise

performance, and some (but not all) studies indicate a

performance-enhancing effect [4–6]. Fewer research stud-

ies have employed anaerobic performance-based trials.

This evidence is yet to be systematically collated in a way

that facilitates the exploration of factors that may influence

the ergogenic potential of CHO ingestion. For example,

overnight fasting has been demonstrated to reduce liver

glycogen stores by up to 80% [7], such that CHO avail-

ability may already be suboptimal at the onset of the initial

exercise bout. Thus, this methodological approach may

exaggerate the influence of CHO supplementation on

subsequent athletic performance [8]. Hence, the effect of

CHO ingestion on subsequent endurance/anaerobic exer-

cise performance requires elucidation.

Whilst protein (alone) contributes minimally to the

energetic demands of exercise, other physiological attri-

butes of this nutrient may facilitate performance enhance-

ments on short-term subsequent exercise bouts. For

example, when ingested with CHO, dietary protein can

potentiate plasma insulin secretion, enhancing muscle

glycogen synthase activity and uptake of glucose from the

circulation [9]. These actions may accelerate muscle

glycogen resynthesis after exercise [10]. Indeed, a previous

review [11] concluded that although dietary protein is

unlikely to influence glycogen repletion when co-ingested

with an ‘optimal’ dose of CHO (i.e. 1.2 g�kg-1�h-1, to

maximal glycogen resynthesis), a small quantity of protein

(0.2–0.4 g�kg-1�h-1) consumed with a ‘suboptimal’ CHO

dose (i.e.\1.2 g�kg-1�h-1) may be of benefit. (Protein

ingestion also has the potential to influence skeletal muscle

damage repair during recovery from endurance exercise

[12]). Therefore, in situations where ingesting large quan-

tities of CHO is not feasible (e.g. between exercise ses-

sions), ingesting protein with CHO may provide an

opportunity to enhance substrate recovery.

To date, one systematic review [13] has investigated the

effect of protein co-ingested with CHO during and/or fol-

lowing an initial bout of activity on subsequent endurance

performance. In keeping with the aforementioned evi-

dence, this review concluded that a significant benefit of

dietary protein was frequently observed in studies where

CHO was delivered ‘sub-optimally’. However, an ergo-

genic effect was seldom recorded when CHO intake was

adequate. The significance of this finding (i.e. from a

practical perspective) remains unclear as these conclusions

were determined on visual inspection of the available

evidence and are not supported by statistical procedures.

As such, the magnitude of the performance change was not

defined. It is also difficult to determine whether a benefit of

protein ingestion exists in the absence of such procedures,
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as several methodological inconsistencies (the confounding

influence of which may be controlled) are evident across

experimental investigations. For instance, the additional

energy ingested when protein is added to a CHO-contain-

ing fluid may explain the performance benefit reported in

some studies, and not others (i.e. where ‘isocarbohydrate’

vs. ‘isoenergetic’ beverage treatments are employed) [14].

Hence, the effect of dietary protein intake on subsequent

endurance exercise performance requires further

clarification.

1.1 Aims

The aim of the present review was to determine, via a two-

part investigation, the influence of: (1) CHO co-ingested

with water; and (2) protein co-ingested with CHO and

water, during and/or following an initial bout of activity on

subsequent endurance/anaerobic exercise performance. In

addition, the current study sought to clarify the effect of:

(a) CHO (co-ingested with water) on performance when

individuals are not fasted (i.e. fed) ahead of exper-

imentation, i.e. does fasting exaggerate the benefit of

CHO to performance?;

(b) Protein (co-ingested with CHO and water) on perfor-

mance when CHO intake is ‘suboptimal’

(i.e.\1.2 g�kg-1�h-1, as per Beelen et al. [11]); and,

(c) Protein (co-ingested with CHO and water) on perfor-

mance when the comparator condition is ‘isocarbo-

hydrate’, rather than ‘isoenergetic’, i.e. is it the

administration of additional energy (i.e. via supple-

mented protein) that conveys a performance benefit,

or the protein itself?

2 Methods

The methodology of this review was devised in accordance

with specifications outlined in the Preferred Reporting

Items for Systematic Reviews and Meta-Analysis Protocols

2015 Statement [15] and registered at the International

Prospective Register of Systematic Reviews (PROSPERO)

(identification code: CRD42016046807) ahead of the for-

mal study selection process.

2.1 Literature Search

Potential research studies were identified by searching the

online databases SPORTDiscus (via EBSCOhost), PubMed

(MEDLINE), Web of Science (via Thomas Reuters)1 and

Scopus from January 1985 until September 2016 using the

terms carbohydrate* OR glucose OR fructose OR lactose

OR sucrose OR sugar OR glycogen OR ‘‘sport* drink’’ OR

‘‘sport* beverage’’ OR protein OR ‘‘amino acid*’’ in

combination with exercise* OR athletic OR performance

OR sport* OR endurance OR sprint OR aerobic OR

anaerobic. The star symbol (*) was used to capture the

derivatives (by suffixation) of a search term and the

enclosed quotation marks were used to search for an exact

phrase. Records containing irrelevant terms (obesity, dia-

betes, rat, mouse, mice, animal, rodent, children, teenagers,

adolescents, review, meta-analysis, illness, disease, elderly,

older, geriatric, patient and hospital) were excluded from

the literature search using the Boolean search operator

‘NOT’. (The search was updated in June 2017 to capture

recent publications). Two investigators (D.M. and C.I.)

independently screened the potential research studies to

identify relevant texts. Initially, all irrelevant titles were

discarded. The remaining articles were systematically

screened for eligibility by abstract and full text, respec-

tively. The decision to include or discard potential research

studies was made between two investigators (D.M. and

C.I.). Any discrepancies were resolved in consultation with

a third investigator (B.D.). The reference lists of all

included studies were hand searched for missing publica-

tions. Full details of the screening process are displayed in

Fig. 1.

2.2 Inclusion and Exclusion Criteria

Research studies that fulfilled the following criteria were

eligible for inclusion:

1. Controlled trials (random or non-random participant

allocation) employing repeated-measures experimental

designs;

2. Human studies on adult (C 18 years of age) male and/

or female participants devoid of medical conditions

and co-morbidities. Studies completed using subjects

with paraplegia due to spinal cord injury were accepted

for review (where glucose tolerance was normal);

3. Endurance and/or anaerobic exercise performance

(refer to Sect. 2.4) was measured under intervention

and control conditions (refer to Sect. 2.3);

4. Athletic performance was preceded by an initial bout

of physical exercise (any type), during and/or follow-

ing which, an experimental condition was imposed.

1 Web of Science (via Thomas Reuters) retrieved a comparatively

large number of records [68,347 vs. B 4789 records via each

Footnote 1 continued

SPORTDiscus (via EBSCOhost), PubMed (MEDLINE) and Scopus]

using the search strategy indicated above. To improve the efficiency

of the study selection process, only those records categorised within

the Sport Sciences field (3418 records) were retrieved from Web of

Science.
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For the purpose of this review, athletic performance

was considered ‘subsequent’ to another bout of

exercise when: (a) a period of time separated the

exercise bouts (i.e. recovery time), or (b) there was a

change in the demands of the activity [i.e. mode of

exercise or intensity, e.g. submaximal exercise

followed immediately by a time trial (TT) performance

task]. A schematic of the experimental protocol is

displayed in Fig. 2;

5. The amount of time separating one exercise bout from

another wasB 4 h. This cut-off was instated to reflect

time restrictions associated with completing

Fig. 1 Preferred reporting items for systematic reviews and meta-

analysis flow chart (study selection methodology). Where a study

contained more than one intervention arm that was eligible for

inclusion (i.e. paired against a suitable control condition), these were

treated as separate ‘studies’ termed ‘trials’. The updated search from

September 2016 to June 2017 (not shown) did not identify any

eligible studies. CHO carbohydrate
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consecutive exercise sessions. No minimum recovery

time was set for inclusion;

6. Accessible full-text research articles (including com-

plete conference proceedings) written in English.

Other documents, e.g. review articles, meeting

abstracts and research published in non-peer-reviewed

sources were discarded.

Several publications identified via the literature search

contained more than one intervention vs. control compar-

ison that was eligible for inclusion. In these instances, the

separate study arms were treated as individual investiga-

tions, termed ‘trials’. Separate trials derived from a single

research study are denoted by the addition of letters (i.e. a–

d) to the citation.

Studies were excluded from the review if: (1) partici-

pants’ dietary intake and/or exercise behaviour was

experimentally altered ahead of testing (e.g. via a CHO

loading regime or glycogen depletion diet); (2) the pre-

ceding bout of physical exercise was not standardised

across experimental conditions [e.g. time to exhaustion

(TTE) protocols were employed]; (3) an experimental

condition was (a) delivered long term (i.e. a multi-day

treatment, e.g. 7-day supplementation period prior to test-

ing); (b) delivered whilst subjects were undertaking the

athletic performance; or (c) not administered orally (e.g.

via intravenous or nasogastric routes); (4) extraneous

dietary and/or pharmacological constituents (e.g. caffeine),

including placebo varieties were also administered during

exercise and/or recovery; although additional electrolytes,

vitamins and small quantities of fat were accepted; or (5)

the performance data were not adequately reported, i.e.

mean± standard deviation (SD) was not quantified and

could not be calculated. In the event that data were not

adequately reported and the study was published within the

previous 10 years (2006–2016), the corresponding author

was contacted via email in an attempt to retrieve missing

data. Potential research studies containing at least one

eligible comparison between an intervention and control

condition were included in the present review; other inel-

igible study arms derived from the same investigation were

excluded from the current analysis.

2.3 Control and Intervention Conditions

The present systematic review aimed to compare the fol-

lowing experimental conditions (intervention vs. control),

via a two-part investigation: (1) CHO co-ingested with

water (CHO?W) vs. water (W); and (2) protein co-

ingested with CHO and water (PRO?CHO?W) vs. CHO

co-ingested with water (CHO?W). All nutrients con-

sumed during the preceding exercise bout and/or recovery

period were considered ‘co-ingested’. The experimental

conditions were defined in accordance with Table 1. Whilst

W was accepted as water intakeC 200 mL, it was also a

requirement that the volume was matched (B 5% difference

from control) across intervention and control trials, such

that the effect of CHO ingestion could be isolated. Simi-

larly, comparison of PRO?CHO?W vs. CHO?W

conditions required one of either total CHO content or total

energy content to be matched across experimental trials

(B 5% difference from control). Studies administering

whole proteins were acceptable for review; interventions

that contained single amino acids and/or peptides were

excluded. Dietary intakes derived from food and/or fluid

sources (including ‘complex’ beverages, e.g. chocolate

milk) were accepted, provided that all of the aforemen-

tioned eligibility criteria were adhered to.

2.4 Primary and Secondary Research Outcomes

The primary research outcomes in this investigation were

endurance and anaerobic exercise performance. Endurance

exercise performance was defined as the percent change in

mean power output (%D MPO) on a TT test that involved

continuous running (treadmill/road) or cycling (ergometer/

road) exercise forC 5 min duration. The common metric

(i.e. %D MPO on a TT test) was selected to facilitate

interpretation of the intervention effect in the context of

competitive performance [16]. Hopkins [17] suggests a 1%

change in endurance power output on a laboratory-based

test corresponds to a 1% change in competitive running

performance and 0.4% change in competitive cycling

performance. To maximise data capture, effects on per-

formance in TTE tests were converted to effects on per-

formance in TT tests, as described below (see Sects. 2.4.1

and 2.4.2). Similarly, where the %D MPO was not

Fig. 2 Schematic of the experimental protocol employed in studies eligible for inclusion in the present review
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measured directly, it was derived from other performance

outcomes. Anaerobic exercise performance was defined as

the percent change in peak power output (%D PPO) on

anaerobic exercise tests (\60 s duration) that involved

running (treadmill/road) or cycling (ergometer/road) exer-

cise (see Sect. 2.4.3). Gastrointestinal tolerance was eval-

uated as a secondary research outcome. Raw scale ratings

were extracted and converted to a 0–100 scale [(mean raw

score/highest possible score on a given scale) 9 100].

Where the lowest obtainable score was 1 (i.e. rather than

zero), the raw score was transformed by x- 1 and divided

by the adjusted maximum score to derive a percentage.

2.4.1 Time Trial Performance

Time trials included all constant work/distance and con-

stant duration performance tests. Where TT performance

was reported as mean power output (MPO) (Watts)

[18–26], the change in endurance exercise performance

was calculated using the following formula:

%DMPO ¼ ðMPOIntervention �MPOControlÞ
MPOControl

� 100;

where TT performance was assessed as total work com-

pleted on a fixed duration test [27–29], performance scores

(J) were divided by test duration (s) to convert to effects on

MPO (Watts). Conversely, where performance was asses-

sed as time to complete a fixed amount of work [30, 31],

the target work (J) was divided by the performance score

(s) to convert to effects on MPO (Watts). (One study [31]

expressed the target work in terms of energy expenditure).

These values were multiplied by an energy efficiency of

23.2% [31] to approximate the kinetic bicycle energy,

before calculating the change in endurance performance.

Where TT performance was assessed as the time to com-

plete a fixed distance [4, 5, 32–37], the performance

scores(s) were used to determine %D MPO via the speed–

power relationship, as described by Hopkins et al. [16].

Briefly, control scores were divided by intervention

scores and raised to the power of x, a constant signifying

the coefficient of variation for power output on a given

cycle ergometer. (As power output is directly proportional

to running speed, x was always equal to 1 on these tests)

[38]. Where the Monark [4, 5, 39, 40], VeloTron [19, 22]

and Schoberer Rad Messtechnik [36] ergometers were

used, x was equal to 1.0 [41], 2.0 [42] and 1.6 [43],

respectively. The value of x was not known for the Elite

cycle trainer used by Cepero et al. [35]. Therefore, %D

MPO was derived using the power-speed relationship: P ¼
9:65S� 86:74 [44], where S denotes speed (km�h-1) and P

denotes power (Watts). Where TT performance was mea-

sured as distance on a constant duration test [39, 40],

intervention performance scores were divided by control

performance scores and raised to the power of x (as

described above). Where studies evaluated TT performance

in terms of MPO (Watts) [18–26], the length of time taken

to complete the task was also recorded. This outcome was

used to generate an ‘imputed %D MPO’ (i.e. using the

methods indicated previously) for comparison against the

reported value. Whilst the majority of the data were com-

parable, two studies [19, 22] reported a large %D MPO,

with minimal effect on the time taken to complete the

performance test (thus, a much smaller imputed %D MPO,

i.e.[2% points difference). This effect was likely owing to

the power output data being non-normally distributed

across time, such that the mean value did not accurately

reflect the result of the performance test. In these situations,

the imputed %D MPO was used to perform analyses.

2.4.2 Time to Exhaustion Performance

Time to exhaustion performance tests included all constant

power/load and incremental exercise tests to fatigue. Prior

Table 1 Experimental conditions

Experimental

condition

Accepted definition

Part 1: CHO?W vs. W

W Total W intakeC 200 mLa

CHO?W Digestible CHO (any type) co-ingested withC 200 mL W

Part 2: PRO?CHO?W vs. CHO?W

CHO?W Digestible CHOb (any type) co-ingested withC 200 mLa W

PRO?CHO?W Whole P (i.e. single amino acids and/or peptides not accepted) co-ingested with digestible CHO (any type)

andC 200 mL W

CHO carbohydrate, P protein, W water
aWater intake must be volume matched (B 5%) to the corresponding control condition
bEither total CHO intake or total energy intake must be matched (B 5%) to the corresponding control condition
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research demonstrates that the percent change in the

duration of a constant power/load test is approximately

equal to the %D MPO on a TT performance test when it is

multiplied by a constant [38]. The constant is calculated as

the power/load at which the test was performed [expressed

as a percentage of maximal oxygen consumption

(VO2 max)] divided by 6.4 [38]. Hence, where TTE was

assessed as test duration [6, 14, 45–50], the change in

endurance performance was calculated using the following

formula [38]:

%DMPO

¼ Mean Test DurationIntervention �Mean Test DurationControlð Þ
Mean Test DurationControl

� 100

� �

� %VO2max

6:4

� �
:

One study [49] expressed performance as a median and

range; presumably because the data were non-normally

distributed. Effect estimates for this study were therefore

calculated using the median test duration. Another study

[51] assessed TTE as peak power output (PPO) (Watts) on

an incremental test to fatigue. The test commenced at a

workload between 180 Watts, and increased by 1 Watts

every 2 s, until fatigue. Time to exhaustion was therefore

approximated as mean PPO minus 180 Watts, multiplied

by 2 s. Scores were used to derive the change in athletic

performance using the following formula [17]:

%DMPO

¼ Mean Test DurationIntervention �Mean Test DurationControlð Þ
Mean Test DurationControl

� 100

� �

� 1�% PSPO

6:4

� �
;

where %PSPO (Watts) represents the percentage of peak

sustainable power output at which the test was commenced

(i.e. 180 Watts, in the scenario described previously).

2.4.3 Anaerobic Performance

All anaerobic exercise tests were constant-duration TT

performance tests. The change in anaerobic exercise per-

formance was calculated where PPO (Watts) was reported,

using the following formula:

%DPPO ¼ ðPPOIntervention � PPOControlÞ
PPOControl

� 100:

2.5 Methodological Quality Assessment

Included studies were examined for publication bias using

the Rosendal Scale [52], where excellent methodological

quality is indicated by a Rosendal scoreC 60% [53].

Scoring was determined by dividing the number of ‘yes’

responses by the total number of applicable items. Studies

with a Rosendal score\50% were excluded from this

review owing to an increased risk of experimental bias.

2.6 Data Extraction and Synthesis

Data were extracted from relevant publications following

the Cochrane Handbook for Systematic Reviews of Inter-

ventions Checklist of Items to Consider in Data Collection

or Data Extraction [54] and entered into a Microsoft Excel

spreadsheet. Extracted information included: (1) standard-

ised pre-trial conditions; (2) participant characteristics (i.e.

sample description, sample size, age, weight, height, sex,

body fat content, VO2 max, PPO and menstrual phase at

performance); (3) characteristics of the preceding exercise

bout [i.e. exercise mode, duration, intensity, environmental

conditions, fluid loss (calculated as percentage of body

mass loss) and recovery time post-exercise]; (4) charac-

teristics of the nutritional intervention [i.e. blinding pro-

cedures, nutritional composition of intervention and control

treatments (i.e. CHO content, fluid volume, osmolality,

temperature, other constituents), time of first intake and

time to consume treatment]; (5) characteristics of the

subsequent athletic performance [i.e. exercise description

(exercise mode, duration, intensity), type of performance

test, brand of cycle ergometer/trainer device or treadmill,

incentives, environmental conditions and performance],

and; (6) subjective ratings of GI discomfort, where these

were reported. Where data were presented in graphical

form only, high-performance digital calipers (ABSOLUTE

Digimatic Caliper 500; Mitutoyo, Kawasaki, Japan) were

used to extract numeric values.

2.7 Statistical Analyses

All statistical procedures were performed using IBM SPSS

Statistical Software, Version 22.0 (Armonk, NY: IBM

Corp) and Comprehensive Meta-Analysis, Version 3.0.

Weighted mean effect estimates and meta-regression

coefficients are presented as mean± standard error of the

mean. All other data are presented as mean±SD.

2.7.1 Weighted Mean Effect

Meta-analyses were performed to determine the influence

of: (1) CHO?W vs. W, and (2) PRO?CHO?W vs.

CHO?W on athletic performance. Individual effect sizes

were calculated as the %D MPO or the %D PPO (as

described in Sect. 2.4), where a positive effect estimate

indicates an increase in power output under the interven-

tion condition. As the current review elected to measure the

performance change as a percentage of the control score

(i.e. rather than a net difference), the SD of the perfor-

mance change (SDD) could not be determined via standard
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methods. Instead, t-statistics (or p values) derived from

paired t-tests were used to calculate the SDD of the percent

performance change. Where an exact value was quoted

[36, 55], the calculation was performed using the following

formula [54]:

SDD ¼ j%DMPO or PPO j
tstatistic

�p
n;

where the SDD is the SD of the percent performance

change and n is the number of participants. Where p\x

(x 6¼ 0.05) was reported [34, 45], p was taken to equal x

and used to derive a t-statistic. Where only p[x or p\0.05

was reported (and raw performance data could not be

retrieved), the missing t-statistic was imputed using the

correlation coefficient (R). To do this, the SDD of the net

performance change was first calculated using the formula

indicated below [54]:

SDD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSD2

Control þ SD2
InterventionÞ � ð2� R� SDControl � SDInterventionsÞ;

q

where SDD is the SD of the net performance change and R

is the correlation coefficient. R was approximated as the

mean correlation coefficient calculated using t-statistics (or

p values) derived from paired t-tests and/or raw

performance data, as indicated by Higgins and Green

[54]. Sensitivity analyses were performed to test the

robustness of the imputed R value. The imputed SDD was

then used to derive the required t-statistic, using the

following formula:

tstatistic

¼ Mean Performance ScoreIntervention �Mean Performance ScoreControl

ðSDD �p
nÞ :

The weighted mean treatment effects were subsequently

determined using random-effect models, where trials were

weighted by the inverse variance for the performance

change. Statistical significance was attained if the 95%

confidence interval (CI) did not include zero.

Heterogeneity was assessed with Cochran’s Q and the I2

index. Low, moderate and high heterogeneity was

indicated by an I2 value of 25, 50 and 75%, respectively

[56]. A p value\0.10 for Cochran’s Q was used to indicate

significant heterogeneity [54]. Sensitivity analyses were

performed to determine the risk of bias due to data

dependency (i.e. where multiple trials derived from a single

publication bias a result). In this case, meta-analyses were

performed using data derived from one trial per

publication, only. Results are displayed in Table S1 of

the Electronic Supplementary Material (ESM). The

practical significance (i.e. under real-world conditions) of

the effect of dietary intervention on endurance exercise

performance was determined using a spreadsheet

developed by Hopkins [57]. The smallest worthwhile %D

MPO was calculated as 1.6% for endurance cyclists and

0.6% for endurance runners. These values were derived by

multiplying the coefficient of variation for a particular

competitive event [i.e. 1.3% for cycling events (1–40 km)

and 1.1% for running eventsB 10 km] by 0.5 [38] and

transforming the threshold competition time to an

equivalent threshold for cycling/running power output

[17]. The effect was interpreted as ‘unclear’ if there

was[5% chance of attaining a both a clinically positive

and clinically negative influence.

2.7.2 Meta-regression Analyses

Restricted maximum likelihood, random-effects meta-re-

gression analyses were performed to determine the effect

of: (1) CHO on performance when individuals are not

fasted (i.e. 2–4 h post-meal) ahead of experimentation; (2)

protein (co-ingested with CHO and water) on performance

when CHO intake is ‘suboptimal’ (i.e.\1.2 g�kg-1�h-1, as

per Beelen et al. [11]), and; (3) protein (co-ingested with

CHO and water) on performance when the comparator

condition is ‘isocarbohydrate’, rather than ‘isoenergetic’.

To isolate these effects, it was necessary to control for the

potentially cofounding influence of other extraneous vari-

ables. Simple meta-regression (i.e. one covariate per

analysis) was initially performed to determine the influence

of individual covariates on the magnitude of the perfor-

mance change. If a significant relationship was identified

(i.e. p\0.05), each of the covariates were re-examined,

this time using multiple meta-regression (i.e. more than one

covariate per analysis) to control for the influential factor.

All covariates are defined in Table 2. At least ten data

points were required for a variable to qualify for meta-

regression analysis. Categorical variables were dummy-

transformed with m- 1, where m is the number of levels of

the original variable. Regression analyses were examined

for influential cases and outliers (i.e. studentized residuals,

Cook’s distance and centred leverage values), normality of

residuals (Shapiro–Wilk Test) and multicollinearity (vari-

ance inflation factor). Statistical significance was accepted

as p\0.05.

3 Results

3.1 Overview of Included Studies and Study Quality

The literature search identified 43 eligible investigations.

However, one of these studies [59] was removed from the

review because the performance data could not be con-

verted to the common metric for endurance exercise per-

formance (%D MPO on a TT test). Four studies [60–63]

scored\50% on the Rosendal scale during the

D. McCartney et al.

123



methodological quality assessment and were subsequently

ineligible for inclusion. A further two trials were omitted

from the analyses as outlying data (? 17.95%D MPO [39];

? 16.22%D MPO [22]), with studentized residualsC 3.3;

excluding these trials did not significantly influence the

result of the CHO?W (%D MPO = 4.246, 95% CI

3.413–5.080, p\0.001) [39] or PRO?CHO?W (%D

MPO = 0.848, 95% CI- 0.393 to 2.089, p = 0.180) [22]

meta-analyses. Overall, 67 repeated-measures trials

(n = 745, 90.4% male) derived from 37 original publica-

tions were reviewed. The included studies yielded a

Rosendal score of 63± 9% (mean± SD). The highest

Rosendal score of 81% was calculated for Betts et al. [14].

Complete results of the quality assessment are displayed in

Table S2 of the ESM. A summary of included investiga-

tions is indicated in Table 3.

Table 2 Covariates investigated

Covariate Accepted definition

Study design

Study blinding Single- vs. double-blinded protocols. Studies that did not employ a blinded protocol were omitted from the

analysis of this variable [32, 47, 48] as there were insufficient data to construct a third ‘non-blinded’ category

Time since last meal ‘Fed’ subjects were tested in a post-prandial state (2–4 h post-meal, as defined by Pochmuller et al. [8]) vs.

‘Fasted’ subjects (C 10 h post-meal). When subjects were 4–10 h post-prandial, studies were omitted from the

analysis of this variable [27, 28]

Participant population

VO2 max Studies that reported VO2 max in units of mL�min-1 were divided by the mean BM of the subject group to

convert to VO2 max (mL�kg-1�min-1), with the exception of Temesi et al. [29] where standardisation against

BM was not considered appropriate because of the effects of paraplegia on body mass

Intervention characteristics

Time from first intake to

performance

The length of time (h) between the first intervention exposure and commencement of the athletic performance

task

Total fluid intake The total volume of fluid (L) consumed during the preceding exercise bout and/or subsequent recovery period

under the intervention. Studies that administered an unspecified (but controlled) quantity of water alongside

the experimental treatment [19, 36, 49, 50] were omitted from the analysis of this variable

Total CHO intake The total quantity of CHO (g) consumed during the preceding exercise bout and/or subsequent recovery period

under the intervention. Values that were reported relative to BM (kg) were multiplied by the mean BM of the

subject group to approximate intake

Relative CHO intake The relative CHO intake (g�kg-1) was determined by dividing the total CHO intake by the mean BM of the

subject group. Ferguson-Stegall et al. [22] was excluded as values could not be reliably calculated

Rate of CHO delivery The rate of CHO delivery (g�kg-1�h-1) was determined by dividing the relative CHO intake by the time from

first intake to performance. Ferguson-Stegall et al. [22] was excluded as values could not be reliably

calculated, as intake was stratified by BM

Total protein intake The total quantity of protein (g) consumed during the preceding exercise bout and/or subsequent recovery period

under the intervention. Values that were reported relative to BM (kg) were multiplied by the mean BM of the

subject group to approximate intake

Relative protein intake The relative protein intake (g�kg-1) was determined by dividing the total protein intake by the mean BM of the

subject group. Ferguson-Stegall et al. [22] was excluded as values could not be reliably calculated, as intake

was stratified by BM

Energy difference between

beverages

The energy content of the intervention (kJ) minus the energy content of the control (kJ). Where the energy

content of a treatment was not reported, it was calculated from the macronutrient composition, assuming an

energy density of 16.7, 17.0 and 37.0 kJ�g-1 of CHO, protein and fat, respectively [58]

Performance characteristics

Performance test TTE vs. TT performance tests, defined as per Sects. 2.4.1 and 2.4.2

Duration of the performance

test

The length of time (min) between commencing and concluding the athletic performance task under the control

condition. Temesi et al. [29] was excluded as the duration on an arm-crank test may not be comparable to

duration on a running or cycling test

Total exercise time Total exercise time represents the duration of the performance test plus the length (min) of the preceding

exercise bout. Temesi et al. [29] was excluded as the duration on an arm-crank test may not be comparable to

duration on a running or cycling test

Exercise mode Running (treadmill/road) vs. cycling (ergometer/road). The arm-crank test used in one study [29] was unable to

be included in the analysis of this variable

BM body mass, CHO carbohydrate, TT time trial, TTE time to exhaustion, VO2 max maximum oxygen consumption
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3.2 Effect of Carbohydrate (CHO) (Co-ingested

with Water) on Athletic Performance

3.2.1 Effect of CHO (Co-ingested with Water)

on Endurance Exercise Performance

Forty-five trials (n = 486; 92.9% male) derived from 25

publications investigated the effect of CHO?W on

endurance exercise performance. Characteristics of inclu-

ded studies are summarised in Table 4. The mean corre-

lation coefficient (R = 0.715) was imputed using raw

performance data from 12 trials

[22, 24, 29, 30, 32, 39, 47, 48] and two p values [34, 45].

The weighted mean effect estimate suggests that CHO?W

significantly improves endurance exercise performance

(%D MPO = 3.974, 95% CI 3.209–4.739, p\0.001) when

it is preceded by an initial bout of activity (Fig. 3). The

magnitude and statistical significance of the effect were

stable during sensitivity analyses where trials were

sequentially removed (%D MPO range 3.792–4.094, CIs

did not include zero). Findings were also comparable

across different levels of correlation, suggesting the meta-

analysis is robust to the imputed correlation coefficient

(Table S3 of the ESM). The magnitude of this effect is such

Table 3 Summary of experimental trials included in the current review

CHO?W vs. W (endurance

performance) 45 trials; n = 486

(92.9% male)

CHO?W vs. W

(anaerobic performance)

9 trials; n = 134 (73.1%

male)

PRO?CHO?W vs. CHO?W

(endurance performance) 13

trials; n = 125 male individuals

Mean± SD Range Mean± SD Range Mean± SD Range

Study characteristics

Sample size 11.1± 3.4 6–20 14.9± 12.0 8–36 9.6± 3.1 6–15

Double-blinded design n = 32 – n = 6 – n = 12 –

Single-blinded design n = 10 – n = 2 – n = 1 –

Subjects ‘Fasted’ (C 10 h post-prandial) n = 25 – n = 6 – n = 12 –

Subjects ‘Fed’ (2–4 h post-prandial) n = 11 – n = 3 – n = 1 –

Subject characteristics

Age (years) 29± 4 23–35 24± 3 22–30 26± 7 21–39

BM (kg) 73.4± 4.4 62.2–80.0 69.7± 4.7 63.4–78.6 72.3± 6.5 61.1–83.5

VO2 max (mL�kg BM-1�min-1) 56.4± 6.1 42.8–69.8 56.1± 4.5 47.1–61.7 60.8± 3.9 51.4–65.6

Intervention characteristics

Total fluid volume (L) 1.6± 0.7 0.2–3.6 0.5± 0.3 0.3–1.1 1.2± 0.5 0.7–2.6

Time from first intake to performance (min) 124± 73 40–375 53± 9 36–68 168± 61 75–240

CHO concentration (%) 9.4± 7.5 1.5–40.0 12.6± 7.1 6–20 7.5± 1.8 4.8–10.0

Protein concentration (%) – – – – 2.0± 0.7 0.9–3.3

Total CHO intake (g) 102± 50 30–247 51± 8 36–68 115± 61 50–232

Rate of CHO delivery (g�kg-1�h-1) 0.8± 0.6 0.2–1.3 0.8± 0.1 0.8–0.9 0.6± 0.3 0.2–1.05

Total protein intake (g) – – – – 35± 26 10–87

Relative protein intake (g�kg-1) – – – – 0.5± 0.4 1.2–0.1

Performance test

TT performance test n = 34 – n = 9 – n = 5 –

TTE performance test n = 11 – n = 0 – n = 8 –

Performance test duration 23.8± 16.1 min 6.1–86.1 min – 30–40 s 38.3± 28.8 min 7.2–100 min

Environmental temperature (�C) 21± 4 10–32 NS NS NS NS

Mode of exercise cycling n = 38 – n = 8 – n = 8 –

Mode of exercise running n = 7 – n = 1 – n = 5 –

BM body mass, CHO carbohydrate, M male subjects, NS not specified (or infrequently specified), PRO protein, SD standard deviation, TT time

trial, TTE time to exhaustion, VO2 max maximum oxygen consumption, W water

Values are presented as mean± SD or a proportion (n) of the total number of trials for which the given characteristic is known

Percentage body fat mass, peak sustainable power output and body water loss were reported in too few studies for the data to accurately reflect

the reviewed sample and were therefore omitted from the current summary
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that,[99% of the time, CHO?W (delivered as indicated

in Table 3) will almost certainly produce a clinically pos-

itive effect on endurance exercise performance, i.e.

assuming a ? 1.6%D in competitive cycling performance or

a ? 0.6%D in competitive running performance is required

to convey a meaningful performance enhancement under

real-world conditions. Moderate heterogeneity was present

across trials (I2 = 43.899, p = 0.001).

Simple meta-regression identified a significant effect of

the Performance Test (i.e. ‘TTE’ n = 11 vs. ‘TT’, n = 33)

(p = 0.003, R2 = 0.71) on the %D MPO. Hence, the

influence of this variable was controlled when modelling

the effect of the remaining covariates on the change in

endurance exercise performance. These analyses revealed a

significant effect of Time Since Last Meal (i.e. ‘Fed’

n = 10 vs. ‘Fasted’, n = 25) (p = 0.012), where Time

Fig. 3 Forest plot displaying the effect of carbohydrate plus water

(CHO?W) vs. water (W) on the percent change in mean power

output. The size of the squares is proportional to the weight of the

study. A positive effect estimate indicates greater power output with

CHO?W than W. CI confidence interval
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Since Last Meal was controlled (p\0.001; R2 = 1.00)

(Fig. 4). [One trial [19](a) yielded comparatively large

Cook’s Distance values in the aforementioned analyses

(Cook’s d = 0.50, all other trialsB 0.06; Cook’s d = 1.4,

all other trialsB 0.13, respectively) and was therefore

omitted owing to potential confounding effects]. These

Fig. 4 Correlation between time since last meal (Fed vs. Fasted) and

the percent change in mean power output (%D MPO) [95% confidence

intervals shown], controlling for performance test (time trial vs. time to

exhaustion). The circle diameter corresponds to the weight of each trial

(n = 35). %D MPO = 0.604 [± 0.992]? 2.508 [± 0.949], if

Fasted? 2.958 [± 0.708], if time trial. Alternatively, %D

MPO = 3.562 [± 0.765]? 2.508 [± 0.949], if Fasted - 2.958

[± 0.708], if time to exhaustion; or %D MPO = 6.071 [± 0.628]

- 2.508 [± 0.949], if Fed - 2.958 [± 0.708], if time to exhaustion; or

%D MPO = 3.112 [± 0.349] - 2.508 [± 0.949], if Fed? 2.958

[± 0.708], if time trial. Square brackets are used to indicate the

standard error of themean of each regression co-efficient in the equation

Table 5 Summary of covariates analysed (via restricted maximum likelihood, multiple meta-regression analyses) for the carbohydrate plus

water (CHO?W) treatment

Effect estimate Mean difference (%D MPO)

Covariate Coefficient (95% CI) p value

Study blinding (SB vs. DB) 1.128 (- 0.371 to 2.626) 0.134

VO2 max 0.126 (- 0.025 to 0.276) 0.100

Time from first intake to performance - 0.004 (- 0.010 to 0.003) 0.231

Total fluid intake 0.001 (- 0.001 to 0.001) 0.885

Total CHO intake - 0.637 (- 2.627 to 1.353) 0.518

Relative CHO intake 0.031 (- 0.779 to 0.840) 0.939

Rate of CHO delivery - 0.637 (- 2.627 to 1.353) 0.518

Duration of performance test - 0.027 (- 0.061 to 0.008) 0.127

Total exercise duration - 0.002 (- 0.018 to 0.014) 0.787

Exercise mode (run vs. cycle) 0.821 (- 0.512 to 2.153) 0.218

The influence of the performance test and time since last meal was controlled in each model

CI confidence interval, DB double-blind, %D MPO percent change in mean power output, SD single-blind, VO2 max maximum oxygen

consumption
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data suggest that the effect of CHO?W to enhance

endurance exercise performance may be attenuated in

individuals who have consumed food 2–4 h prior to testing

(%D MPO = 0.605, if TTE; %D MPO = 3.562, if TT) in

comparison to individuals who are fastedC 10 h ahead of

experimentation (%D MPO = 3.112, if TTE; %D

MPO = 6.070, if TT). No other covariates significantly

affected the magnitude of the performance change

(p[0.05) (Table 5).

3.2.2 Effect of CHO (Co-ingested with Water)

on Anaerobic Exercise Performance

Nine trials (n = 134; 73.1% male) derived from five pub-

lications investigated the effect of CHO?W on anaerobic

exercise performance. Characteristics of included studies

are summarised in Table 6. The mean correlation coeffi-

cient (R = 0.905) was imputed using raw performance data

from one trial [66] and one p-value [55]. The weighted

mean treatment effect (Fig. 5) suggests that CHO?W

significantly improves anaerobic exercise performance (%D

PPO = 2.548, 95% CI 1.114–3.982, p\0.001), when it is

preceded by an initial bout of physical exercise. Low

heterogeneity was present across trials (I2 = 0.000,

p = 0.679). The magnitude and statistical significance of

the weighted mean effect were stable during sensitivity

analyses (%D PPO range 2.026–2.845, CIs did not include

zero). Findings were also comparable across different

levels of correlation (Table S4 of the ESM).

3.2.3 Effect of Protein (Co-ingested with CHO and Water)

on Endurance Exercise Performance

Thirteen trials (n = 125 male individuals) derived from

nine publications investigated the effect of PRO?

CHO?W on subsequent endurance exercise performance.

Characteristics of included studies are summarised in

Tables 7 and 8. The mean correlation coefficient

(R = 0.752) was imputed using raw performance data

from four trials [22, 31, 47] and one p value derived from

a paired t test [36]. The weighted mean treatment effect

indicates no difference in endurance exercise performance

between PRO?CHO?W and CHO?W (%D

MPO = 0.547, 95% CI - 0.523 to 1.616, p = 0.316)

(Fig. 6), despite the CHO dose being ‘suboptimal’

(\1.2 g�kg body mass-1�h-1) on all trials. The magnitude

and statistical significance of the effect were stable during

sensitivity analyses (%D MPO range 0.188–0.866, 95%

CIs included zero). Findings are also comparable across

different levels of correlation (Table S5 of the ESM). The

magnitude of this effect is such that, 97% of the time,

PRO?CHO?W (delivered as indicated in Table 3) will

very likely produce a clinically trivial effect on cyclingT
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performance; and 51% of the time will possibly produce a

clinically trivial effect on running performance, i.e.

assuming a ? 1.6%D in competitive cycling performance

or a ? 0.6%D in competitive running performance is

required to convey a meaningful performance enhance-

ment under real-world conditions. Moderate-to-high

heterogeneity was observed amongst trials (%D MPO

I2 = 72.92, p\0.001).

Initially, none of the proposed moderators were able to

account for the between-trial variability observed (all

simple meta-regression analyses, p[0.10). However, on

removing the study that received the lowest Rosendal score

(53%) (and the only investigation that did not employ a

double-blinded experimental design) [47], a significant

effect of the energy difference between beverages was

observed (p = 0.015, R2 = 1.00) (Fig. 7). [One trial

[14](b)- yielded a very large Cook’s Distance (Cook’s

d = 8.12, all other trialsB 0.25) and was therefore omitted

from this analysis owing to potential confounding effects].

These data suggest that the %D MPO may be increased in

trials that administered an intervention beverage that con-

tained more energy than the control beverage (i.e. those

that matched beverage CHO content). Whilst it important

to acknowledge that the two trials omitted from this anal-

ysis observed a large benefit of protein ingestion using

isoenergetic beverages, a trend for a significant effect of

this covariate on the %D MPO (p = 0.098, R2 = 1.00)

remained detectable when the outlying study [22] was

reintroduced to the analysis. The remaining covariates were

investigated using simple meta-regression analyses, given

that the small cohort of trials (n = 11) was not appropriate

for multiple meta-regression. These covariates did not

significantly affect the magnitude of the performance

change (p[0.05) (Table 9).

3.3 Subjective Gastrointestinal Tolerance

Twelve trials derived from six publications measured GI

symptomology following dietary intervention

[4, 5, 32, 37, 45, 47]. These data are summarised in

Table S6 of the ESM. The median CHO intake (at the time

symptomology was assessed) was 49.6 g (range

10.4–247 g), whereas fluid intake was 522 mL (range

174–3582 mL) [excluding baseline values]; only one trial

[47] assessed GI discomfort following protein ingestion

(21.2 g). The majority of trials observed negligible/mild GI

distress (e.g. scores 0–25), irrespective of the dietary

treatment imposed (i.e. W, CHO?W and PRO?

CHO?W); no treatment elicited a score[50. That said,

one trial [14](a) (which did not present GI symptomology

data graphically or numerically) commented that two par-

ticipants experienced such severe GI distress on the

CHO?W treatment that the performance test had to be

terminated. This trial delivered the largest quantity of CHO

in the present review (320 g). Only Wong et al. [45]

assessed GI tolerance during the athletic performance. The

collective data do not appear to indicate a trend for

increased GI discomfort on intervention vs. control trials.

Fig. 5 Forest plot displaying the effect of carbohydrate with water

(CHO?W) vs. water (W) on the percent change in peak power

output. The size of the squares is proportional to the weight of the

study. A positive effect estimate indicates greater power output with

CHO?W than W. CI confidence interval
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4 Discussion

The present systematic review and meta-analysis sum-

marise evidence for the effect of: (1) CHO co-ingested with

water; and (2) protein co-ingested with CHO (and water),

during and/or following an initial bout of exercise on

subsequent athletic (endurance/anaerobic exercise) perfor-

mance. Results indicate a beneficial effect of CHO on

subsequent endurance exercise performance. Whilst the

magnitude of improvement was significantly diminished

when participants were ‘Fed’ (i.e. a meal 2–4 h prior to the

initial bout) as opposed to ‘Fasted’ on commencing the

initial exercise bout, a positive effect of CHO was still

detectable under the ‘Fed’ condition. No further benefit

was derived with the addition of protein to a CHO-con-

taining beverage. Indeed, the performance-enhancing

effect of protein demonstrated in some studies appears to

be a consequence of the additional energy delivered, rather

than an isolated effect of protein ingestion itself. A sig-

nificant improvement in anaerobic exercise performance

was also observed with CHO ingestion. Collectively,

findings from the present investigation indicate that ath-

letes with limited time for nutritional intake between

consecutive exercise sessions should prioritise CHO

ingestion (with fluid) to enhance subsequent athletic

performance.

4.1 Effect of CHO (Co-ingested with Water)

on Athletic Performance

The weighted mean effect estimate indicates that CHO co-

ingested with water during and/or following an initial bout

of activity improves subsequent endurance exercise per-

formance, compared with control conditions (i.e. water

only). More specifically, CHO administration (102± 50 g;

0.8± 0.6 g�kg-1�h-1) was demonstrated to increase MPO

on a TT test by * 4.0%, such that[99% of the time, the

magnitude of the performance enhancement (i.e. during

competitive endurance cycling or running) is almost certain

to be meaningful. Whilst the precise mechanisms under-

pinning these effects were not assessed in this review,

accelerated muscle glycogen resynthesis [3], sparing of

endogenous substrate stores [70], maintenance of blood

glucose levels and CHO oxidation rates in the latter stages

of exercise [71], and activation of central mechanisms [72]

may be contributing factors. It is important to acknowledge

that the inferences in this investigation are based on cal-

culations of the smallest change required to enhance per-

formance in a competitive endurance event (i.e. a single

maximum effort) [17]. A performance test that is con-

ducted after an initial exercise bout (and a period of

recovery) may demonstrate greater test-retest variability;
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Fig. 6 Forest plot displaying the effect of protein plus carbohydrate

plus water (PRO?CHO?W) vs. carbohydrate plus water

(CHO?W) on the percent change in mean power output. The size

of the squares is proportional to the weight of the study. A positive

effect estimate indicates greater power output with PRO?CHO?W

than CHO?W. CI confidence interval

Fig. 7 Correlation between energy difference between beverages (kJ)

and %D MPO (95% CIs). Circle diameter corresponds to the weight of

each trial (n = 11). %D MPO =- 0.909[± 0.402]? 0.005

[± 0.002] 9 Energy Difference Between Beverages (kJ). Square

brackets are used to indicate the SEM of each regression co-efficient

in the equation
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such that the magnitude of improvement required to con-

vey a performance enhancement may be increased. How-

ever, the authors are not aware of calculated coefficients of

variation that would facilitate this assessment. In any case,

the smallest worthwhile change would need to increase

considerably to alter the outcome of the present analysis.

Except for one trial [6], all individual effect estimates

indicated a beneficial effect of CHO ingestion on endur-

ance exercise performance. However, the magnitude of

improvement was heterogeneous (I2 = 43.9). The meta-

regression analysis determined that differences in Time

Since Last Meal (‘Fed’ vs. ‘Fasted’) and Performance Test

(TT vs. TTE) could explain a large proportion of this

heterogeneity (R2 = 1.00). In regard to the influence of

Time Since Last Meal, results suggest that the CHO-me-

diated performance effect may be exaggerated in ‘Fasted’,

compared with ‘Fed’, individuals. This may be owing to a

larger contrast in substrate availability under W vs.

CHO?W treatments, i.e. resulting from lower glycogen

levels post-exercise, and subsequently, accelerated glyco-

gen resynthesis on exposure to CHO [3]. In most circum-

stances, athletes are recommended to avoid commencing

exercise in a fasted state [2]. The current data indicate

greater variability in the effect of CHO within the ‘Fed’

sub-group (Fig. 4). This may be partly owing to the smaller

number of ‘Fed’ trials analysed. However, it could also

reflect differences in the nutritional composition of the pre-

exercise diet. Indeed, where the CHO content of the pre-

exercise diet was specified, it ranged between 1.0 and

2.1 g�kg-1 [5, 19, 30]. This, along with other food-related

factors (e.g. glycaemic load, other macronutrients/con-

stituents and timing of intake) [2], could potentially

influence the response to CHO during exercise. A detailed

description of participants’ pre-exercise diets was not

always indicated in the manuscripts reviewed; hence, it was

not possible to explore the influence of these factors on

subsequent performance further. Despite the observed

variability, a significant benefit of CHO ingestion was still

detectable in the presence of a pre-exercise meal.

The current results also suggest that the CHO-mediated

performance effect may be accentuated on TT compared

with TTE performance tests. This observation is consistent

with evidence from Vandenbogaerde and Hopkins [73],

who detected a small difference in the magnitude of the

effect of CHO supplementation across different perfor-

mance tests in a meta-analytic investigation.

The weighted treatment effect demonstrates that CHO

(53± 9 g; 0.8± 0.1 g�kg-1�h-1) co-ingested with water

during and/or following an initial bout of exercise signifi-

cantly increases PPO on a subsequent anaerobic perfor-

mance test, compared with control conditions (i.e. water

only). Endogenous CHO availability is not usually a lim-

iting factor in anaerobic exercise performance. Further-

more, pre-exercise muscle glycogen levels do not generally

influence PPO on short-duration performance tests [74, 75].

One factor that might explain the observed effect of CHO

is enhanced central drive and/or motivation owing to the

presence of CHO in the oral cavity (i.e. oral CHO receptor-

mediated effects) [76]. Indeed, CHO mouth rinsing (i.e.

repeating CHO exposures during exercise) has been shown

to enhance exercise performance [72]. In the reviewed

studies, the time between the final CHO exposure and the

onset of performance was typicallyC 10 min (up to 45 min

[67]). At present, it is unclear how long CHO receptor-

Table 9 Summary of covariates analysed (via restricted maximum likelihood simple meta-regression) for protein plus carbohydrate plus water

(PRO?CHO?W) [excluding Alghannam [47], n = 12]

Effect estimate Mean difference (%D MPO)

covariate Coefficient (95% CI) p value

VO2 max - 0.223 (- 0.569 to 0.122) 0.181

Time from first intake to performance 0.004 (- 0.020 to 0.028) 0.717

Total CHO intake 0.002 (- 0.016 to 0.020) 0.778

Relative CHO intake 0.173 (- 0.010 to 1.445) 0.769

Rate of CHO delivery 0.414 (- 4.295 to 5.122) 0.859

Total protein intake - 0.001 (- 0.040 to 0.040) 0.994

Relative protein intake 0.024 (- 2.824 to 2.873) 0.985

Performance test (TT vs. TTE) - 1.761 (- 3.972 to 0.450) 0.106

Duration of performance test - 0.006 (- 0.042 to 0.031) 0.738

Total exercise duration 0.012 (- 0.011 to 0.035) 0.270

Exercise mode (run vs. cycle) 0.566 (- 1.886 to 3.018) 0.618

TTE time to exhaustion, TT time trial, VO2 max maximum oxygen consumption

Analysis of study blinding (single vs. double blind), Time Since Last Meal (fed vs. fasted) and total fluid intake could not be completed owing to

insufficient trials
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mediated effects persist. In addition, given that the CHO in

the current studies was ingested, gut-mediated responses

(not just via the oral cavity) may be involved in influencing

performance results [72]. The capacity for nutrient-sensi-

tive receptors within the GI tract to modulate exercise

performance is not well understood [72].

4.2 Effect of Protein (Co-ingested with CHO

and Water) on Endurance Exercise

Performance

Protein (35± 26 g; 0.5± 0.4 g�kg-1) co-ingested with CHO

(115± 61 g; 0.6± 0.3 g�kg-1�h-1) [and water] during and/

or following an initial bout of activity does not appear to

influence subsequent endurance exercise performance,

compared with control conditions (i.e. CHO?W). Indeed,

the present analyses indicated only a * 0.5% increase in

MPO on a TT test, such that 97% of the time, the effect of

PRO?CHO?W on real-world endurance cycling perfor-

mance is very likely to be trivial (i.e. no practical benefit or

harm). Similarly, PRO?CHO?Wwill possibly produce a

trivial effect on real-world endurance running, 51% of the

time. Again, it is important to acknowledge that these

inferences are based on the smallest change required to

enhance performance in a competitive endurance event (i.e. a

single maximum effort), which may not reflect the perfor-

mance variability observed under the conditions of a sub-

sequent exercise task.

While prior research suggests that protein is unlikely to

influence muscle glycogen resynthesis when co-ingested

with an ‘optimal’ dose of CHO (i.e.C 1.2 g�kg-1�h-1, to

maximise muscle glycogen repletion), protein consumed

with a ‘suboptimal’ CHO dose (i.e.\1.2 g�kg-1�h-1) may

accelerate this process [11]. (Protein ingestion also has the

potential to influence skeletal muscle damage repair during

recovery from endurance exercise [12]; however, the

amount of protein synthesis that occurs withinB 4 h is

probably small). No studies in the current review admin-

istered protein with an ‘optimal’ CHO dose. Rather, the

rate of CHO delivery ranged between 0.2 and

1.05 g�kg-1�h-1. Even with ‘suboptimal’ CHO intake,

endurance performance was unaffected by PRO?

CHO?W. Furthermore, subsequent regression analyses

failed to indicate a significant effect of Relative CHO

Intake (g kg-1) on %D MPO, i.e. suggesting that the effect

of dietary protein may be unrelated to CHO availability.

These data are inconsistent with findings from a previous

review [13], which reported that protein ingestion could

improve subsequent endurance performance, provided

CHO delivery was inadequate. However, this investigation

defined ‘optimal’ and ‘suboptimal’ based on the rate of

nutrient delivery (i.e.C 1.0 g CHO/PRO kg-1�h-1 was

‘optimal’), as opposed to the rate of CHO delivery.

Furthermore, the conclusions of the review were deter-

mined via visual inspection of the available data and were

unsupported by statistical methods. One possible explana-

tion for the lack of effect of dietary protein is that the

difference in muscle glycogen levels under the PRO?

CHO?W vs. CHO?W conditionsB 4 h post-treatment

are too small to convey a practical benefit.

The magnitude and direction of the individual effect

estimates in the PRO?CHO?W analysis were hetero-

geneous (I2 = 72.92). Initially, none of the proposed

moderator variables were able to account for the incon-

sistencies observed. However, a significant effect of the

Energy Difference Between Control and Intervention

Beverages (R2 = 1.00) did become apparent on removing

one study. This study [47] received the lowest Rosendal

score (53%) and was the only investigation in the analysis

that did not employ a double-blind experimental design.

Clearly, blinding of investigators is an important consid-

eration in experimental trials. This may be particularly true

of performance-based trials where conscious or uncon-

scious actions of an investigator (e.g. differences in verbal

or non-verbal encouragement) have the potential to impact

physical performance [77]. During Part 1 of the this

investigation (W vs. CHO?W), regression analyses were

performed to evaluate the influence of blinding on the

performance result observed. However, this was not pos-

sible in the current analysis where only one study failed to

employ a double-blind experimental design. Therefore, we

determined that the most conservative approach was to

conduct the analyses whilst both including, and excluding,

this investigation. The significant influence of the Energy

Difference Between Beverages (detected where Alghan-

nam [47] was omitted) suggests that the magnitude of the

performance effect may be related to the quantity of

additional energy administered under the PRO?CHO?W

condition, such that the benefit of protein demonstrated in

some studies appears to be a consequence of the energy

delivered in this nutrient, rather than an isolated effect of

protein itself. This observation is consistent with experi-

mental data by Betts et al. [14], who demonstrated a benefit

of protein ingestion in comparison to an ‘isocarbohydrate’

control (? 1400 kJ); where no effect was observed against

an ‘isoenergetic’ control.

4.3 Gastrointestinal Tolerance

A subgroup of 12 trials evaluated GI symptomology fol-

lowing dietary intervention. Collectively, these data indi-

cate similar mild levels of GI distress following either

CHO?W or W ingestion (only one trial [47] assessed GI

discomfort following PRO?CHO?W). Thus, ingestion of

CHO with fluid provides a performance benefit without

exacerbating GI intolerance. However, there are several
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limitations to the current evidence. First, the quantity of

CHO and fluid ingested at the time of performance assess-

ment was relatively low (* 50 g and 500 mL, respec-

tively). Current guidelines [2] recommend individuals

ingest fluid in volumes equivalent to 1.25–1.50 L�kg body

mass lost-1 and consume 1–1.2 g CHO�kg-1�h-1 (for 4 h)

to restore fluid losses and optimise glycogen resynthesis,

where the length of time separating one bout of exercise

from another is\8 h. Thus, nutrients ingested in amounts/

rates as per the guidelines may elicit different GI responses.

Second, only Wong et al. [45] assessed GI tolerance during

the athletic performance task. Gastrointestinal symptomol-

ogy may be exacerbated during high-intensity exercise [78];

therefore, ratings obtained at rest or during submaximal

intensity exercise may not provide a true indication of tol-

erance. Nevertheless, it appears that CHO ingested with

fluid in amounts likely to benefit athletic performance does

not augment GI distress any more than water alone. How-

ever, the extent to which CHO, protein and fluid are toler-

ated when ingested between consecutive exercise sessions

in amounts corresponding with current nutrition recom-

mendations requires further consideration.

4.4 Limitations

This review does contain several limitations. First, only

studies with accessible full-text articles written in English

were included. Second, it is likely that differences in the

preceding exercise bout (i.e. duration/intensity) affected the

level of glycogen depletion incurred across trials. Whilst

these differences may moderate the effect of dietary inter-

vention on the magnitude of the performance change, it was

not possible to reliably estimate the severity of substrate

depletion (based on a description of the exercise task) and

subsequently control for this influence. Third, the practical

relevance of the effect of CHO ingestion on endurance

exercise performance in a ‘Fed’ state could not be calculated

whilst simultaneously controlling for the influence of the

Performance Test (TT vs. TTE). The practical relevance of

the effect of CHO ingestion on %D PPO is also unknown, as

the significance of this outcome in a real-life context is yet to

be fully characterised. Finally, whilst pre-loaded exercise

protocols were accepted in this review, these may not pre-

cisely reflect the demands of consecutive exercise sessions,

owing to the limited amount of time separating the pre-load

task from the performance test.

5 Conclusions

Results of the present review suggest that individuals who

have limited opportunity for nutritional recovery between

exercise bouts (e.g.B 4 h) should prioritise CHO ingestion

(with fluid) during and/or following the initial exercise

session to enhance performance on subsequent tasks

involving endurance and/or anaerobic activity. Protein

ingestion is unlikely to benefit or harm subsequent endur-

ance exercise performance and should be consumed as

recommended to facilitate muscle protein synthesis [2].
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