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Abstract

Background: Rapid restoration of muscle glycogen stores is imperative for athletes undertaking consecutive strenuous
exercise sessions with limited recovery time (e.g. ≤ 8 h). Strategies to optimise muscle glycogen re-synthesis in this
situation are essential. This two-part systematic review and meta-analysis investigated the effect of consuming
carbohydrate (CHO) with and without protein (PRO) on the rate of muscle glycogen re-synthesis during short-term
post-exercise recovery (≤ 8 h).

Methods: Studies were identified via the online databases Web of Science and Scopus. Investigations that
measured muscle glycogen via needle biopsy during recovery (with the first measurement taken ≤ 30 min
post-exercise and at least one additional measure taken ≤ 8 h post-exercise) following a standardised exercise
bout (any type) under the following control vs. intervention conditions were included in the meta-analysis:
part 1, water (or non-nutrient beverage) vs. CHO, and part 2, CHO vs. CHO+PRO. Publications were examined
for methodological quality using the Rosendal scale. Random-effects meta-analyses and meta-regression
analyses were conducted to evaluate intervention efficacy.

Results: Overall, 29 trials (n = 246 participants) derived from 21 publications were included in this review. The
quality assessment yielded a Rosendal score of 61 ± 8% (mean ± standard deviation). Part 1: 10 trials (n = 86) were
reviewed. Ingesting CHO during recovery (1.02 ± 0.4 g·kg body mass (BM)−1 h−1) improved the rate of muscle glycogen
re-synthesis compared with water; change in muscle glycogen (MGΔ) re-synthesis rate = 23.5 mmol·kg dm−1 h−1, 95%
CI 19.0–27.9, p < 0.001; I2 = 66.8%. A significant positive correlation (R2 = 0.44, p = 0.027) was observed between
interval of CHO administration (≤ hourly vs. > hourly) and the mean difference in rate of re-synthesis between
treatments. Part 2: 19 trials (n = 160) were reviewed. Ingesting CHO+PRO (CHO: 0.86 ± 0.2 g·kg BM−1 h−1; PRO: 0.27 ±
0.1 g·kg BM−1 h−1) did not improve the rate of muscle glycogen re-synthesis compared to CHO alone (0.95 ± 0.3 g·kg
BM−1 h−1); MGΔ re-synthesis rate = 0.4 mmol·kg dm−1 h−1, 95% CI −2.7 to 3.4, p = 0.805; I2 = 56.4%.
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Conclusions: Athletes with limited time for recovery between consecutive exercise sessions should prioritise regular
intake of CHO, while co-ingesting PRO with CHO appears unlikely to enhance (or impede) the rate of muscle glycogen
re-synthesis.

Trial Registration: Registered at the International Prospective Register of Systematic Reviews (PROSPERO)
(identification code CRD42020156841).

Keywords: Nutrition, Glycogen replenishment, Athletes

Key Points

� Carbohydrate provision enhances muscle
glycogen re-synthesis compared to no nutritional
provision.

� Co-ingestion of protein with carbohydrate does not
enhance muscle glycogen re-synthesis compared to
consuming carbohydrate alone.

� The interval of carbohydrate administration was
found to be an influential factor on the rate of
muscle glycogen re-synthesis.

Introduction
Restoration of both muscle and liver glycogen stores is a
critical element of post-exercise recovery [1, 2]. It is par-
ticularly important for athletes training multiple times
per day, since sessions are often separated by short pe-
riods of recovery (i.e. ≤ 8 h) and inadequate muscle and
liver glycogen restoration can impair subsequent athletic
performance [2, 3]. As such, a considerable amount of
research has been directed towards identifying nutri-
tional strategies that facilitate optimal post-exercise
glycogen repletion [4–7].
Carbohydrate (CHO) is the main substrate for

muscle glycogen re-synthesis [1]. Thus, the impact of
various CHO manipulations on restoration of muscle
glycogen stores has been a research priority, including
the amount of CHO provided [8]; type and combin-
ation of mono-saccharides administered [9, 10]; mo-
lecular weight of CHO provided [11]; timing of CHO
intake relative to the completion of exercise [12, 13];
form of delivery (e.g. liquid vs. solid) [14, 15]; and
provision of other nutrients [16–25], most notably
protein (PRO) [26–29]. This work has been sum-
marised in a number of narrative reviews [4–7, 30]
and has also led to the development of sports nutri-
tion guidelines describing best-practice approaches for
athlete recovery [31, 32]. These guidelines suggest
that following exercise, athletes should consume be-
tween 1.0 and 1.2 g CHO·kg of body mass (BM)−1 h−1

to optimise the rate of muscle glycogen re-synthesis
[32]. The addition of PRO (0.3–0.4 g there should be

a dot here 'g·kg' line 79 kg BM−1 h−1) has also been
proposed to increase the rate of muscle glycogen re-
synthesis when CHO consumption is sub-optimal (≤
0.8 g·kg BM−1 h−1) [30]. However, these guidelines
have been formulated based on original research and
narrative reviews. Synthesising the available literature
using meta-analytical techniques will quantify overall
effects and assess whether these current guidelines
are supported.
Of course, it is important to consider the influence

of other contextual factors (other than CHO manipu-
lation and the addition of PRO) on the rate of muscle
glycogen re-synthesis during short-term post-exercise
recovery. Some noteworthy contextual factors include
training status [33], types of muscle contraction dur-
ing exercise [34], muscle fibre typology [35–38], and
the degree of muscle glycogen depletion induced by
the initial exercise bout [39, 40]. However, the extent
to which these factors moderate the effect of CHO
provision on the rate of muscle glycogen re-synthesis
during short-term post-exercise recovery has yet to be
clarified meta-analytically.
The aim of the present review was to examine the ef-

fects of consuming: (1) CHO (in isolation) and (2)
CHO+PRO on the rate of muscle glycogen re-synthesis
during short-term exercise recovery using meta-analytic
techniques. The extent to which other contextual factors
(e.g. CHO- dose, timing) influence the rate of muscle
glycogen re-synthesis are explored.

Methods
The methodology of this review was developed in accord-
ance with the Preferred Reporting Items for Systematic Re-
views and Meta-Analysis Protocols 2015 Statement [41]
and registered at the International Prospective Register of
Systematic Reviews (PROSPERO) (identification code:
CRD42020156841) before beginning the formal study se-
lection process.

Literature Search
Original research studies were identified by searching
the online databases ‘Web of Science (via Thomas
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Reuters)’ and ‘Scopus’ from inception until September
2019 using the Boolean expression: (exercis* AND glyco-
gen) OR (postexercis* AND glycogen). The star symbol
(*) was used to capture derivatives (by suffixation) of the
search terms (e.g. exercised). No other search restric-
tions were imposed. A final search was also conducted
in March 2020 to capture any recent publications. One
manuscript [42] was identified in this search for inclu-
sion. Two investigators (JC and CI) independently
screened potential studies to identify relevant texts. Ini-
tially, all irrelevant titles were discarded. The remaining
articles were then systematically screened for eligibility
by abstract and full text. The decision to include or dis-
card potential research studies was made between two
investigators (JC and CI). Any discrepancies were re-
solved in consultation with a third investigator (BD).
The reference lists of all included studies were hand-
searched for missing publications. Full details of the
screening process are illustrated in Fig. 1.

Inclusion and Exclusion Criteria
Original research studies that met the following criteria
were included in this review:

1. Controlled trials employing repeated-measures
experimental designs.

2. Human studies on adult (≥ 18 years of age) men
and women with no known medical conditions and
co-morbidities.

3. Muscle glycogen concentrations were measured
by needle biopsy (the ‘gold standard’
measurement technique) [43] under both
control and intervention conditions (refer
to the ‘Control and intervention conditions’
section), with the first (i.e. ‘pre-treatment’)
measurement taken ≤ 30 min post-exercise
and at least one additional (i.e. ‘post-treat-
ment’) measurement taken ≤ 8 h post-exercise;
a schematic of the experimental protocol
employed in eligible studies is illustrated in Fig. 2.

4. Full-text original research studies were
published in English; all other documents were
discarded.

Studies were excluded from the review if:

1. A between-subject experimental design was employed.
2. Energy containing dietary constituents other than

CHO and PRO (e.g. alcohol, fat) or ergogenic
substances (e.g. caffeine, creatine) were
administered post-exercise.

3. Exercise was not standardised across trials (or no
exercise was performed).

4. Dietary constituents other than water were
administered during exercise.

5. Treatments were not administered orally.
6. Muscle glycogen concentrations were not measured

by needle biopsy (e.g. nuclear magnetic resonance
spectroscopy, ultrasound).

7. Muscle glycogen data were not adequately reported
(i.e. mean ± standard deviation (SD) was not
reported and could not be calculated).

In the event that data were not adequately reported, the
corresponding author was contacted via email in an at-
tempt to retrieve the missing data. Where data were pre-
sented in graphical format only, a web-based tool
(‘WebPlotDigitizer’, https://apps.automeris.io/wpd/) was
used to extract numeric values.
Several publications identified via the literature search

contained more than one intervention and control com-
parison that was eligible for inclusion. In these instances,
the separate study arms were treated as individual inves-
tigations, and termed ‘trials’. Separate trials derived from
a single research study are denoted by the addition of a
lower-case letter (i.e. a–c) to the citation.

Control and Intervention Conditions
The present systematic review and meta-analysis com-
pared the intervention and control conditions via a
two-part investigation: (1) CHO vs. control (i.e. water
or a non-nutritive placebo treatment) and (2) PRO (in-
cluding isolated or mixed amino-acids (AA), e.g. glu-
tamine, leucine) co-ingested with CHO (CHO+PRO)
vs. CHO.

Primary and Secondary Research Outcomes
The primary research outcome in this investigation was
the rate of muscle glycogen re-synthesis. Values were
initially extracted in mmol·kg of dry mass (dm)−1, or in
mmol·kg of wet mass−1, and then multiplied by a factor
of 4.35 to convert to mmol·kg dm−1, as described by
Areta and Hopkins [44]. Where the rate of muscle glyco-
gen re-synthesis was not reported directly (or could not
be calculated using raw data supplied by authors) [26,
28, 45–47], but pre- and post-treatment muscle glycogen
concentrations were known, the following methods were
used to determine the missing values. First, the change
in muscle glycogen concentration (MGΔ) (i.e. total
amount of glycogen re-synthesised) was calculated for
the control and intervention conditions. The SD of this
(within-trial) change (SDΔ) was then calculated using the
following formula [48]:
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Fig. 1 PRISMA flow chart (study selection methodology). Where a study contained more than one intervention-arm, the separate arms were
treated as discrete ‘studies’, termed as ‘trials’
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where R is the mean correlation coefficient calculated
using raw data derived from four CHO vs. control trials
(CHO: R = 0.62; control: R = 0.64) [42, 49–51] and 17
CHO+PRO vs. CHO trials (CHO+PRO: R = 0.79; CHO:
R = 0.76) [27, 29, 52–60]. The rate of muscle glycogen
re-synthesis under each condition was then determined
by dividing the total amount of glycogen re-synthesised
(i.e. the mean and SD values) by the length of the recov-
ery period (i.e. time between biopsies).

Quality Assessment
Included studies were examined for methodological
quality using the Rosendal Scale [61], where excellent
methodological quality is indicated by a Rosendal score
≥ 60% [62]. Scoring was determined by dividing the
number of ‘yes’ responses by the total number of applic-
able items. Studies with a Rosendal score < 50% are typ-
ically excluded from reviews owing to their increased
risk of experimental bias; however, no study received a
score < 50% in the current analysis.

Data Extraction
Data were extracted in accordance with the Cochrane
Handbook for Systematic Reviews of Interventions
Checklist of Items to Consider in Data Collection or Data
Extraction [48] and entered into a Microsoft Excel
spreadsheet. Extracted data included (1) participant
characteristics (e.g. athletic population, age, BM, sex,
aerobic power ( V̇ O2peak)); (2) pre-trial standardisation

procedures; (3) exercise mode and protocol used to re-
duce muscle glycogen concentrations; (4) the treatment
administration protocol (i.e. the delivery medium,
amount, type, timing); (5) timing and number of muscle
biopsies; and (6) muscle glycogen concentrations and,
where provided, rate of re-synthesis (mmol·kg dm−1 h−1).

Statistical Analyses
All statistical procedures were performed using SPSS,
Version 26.0 (Armonk, NY: IBM Corp) and Comprehen-
sive Meta-Analysis, Version 3.0 (Englewood, NJ: Biostat
Inc). Weighted mean effect estimates and meta-
regression coefficients are presented as mean (95% confi-
dence interval (95% CI) or range). All other data are pre-
sented as mean ± SD unless stated otherwise.

Weighted Mean Effect
Meta-analyses were performed to determine the influ-
ence of (1) CHO vs. control (water or a non-nutritive
placebo treatment) and (2) CHO+PRO vs. CHO on the
rate of muscle glycogen re-synthesis. Individual effect
sizes were calculated as the raw mean difference (i.e.
mmol·kg dm−1 h−1), where positive effect estimates re-
flect higher rates of muscle glycogen re-synthesis with
the intervention condition. Where the SD of this
between-trial change was not reported directly (or was
unable to be calculated using raw data supplied by the
authors) [8, 26–29, 42, 45–47, 49–51, 57–60], the miss-
ing value was imputed using the following formula [48]:

In this case, R was approximated as 0.28 using raw
data from eight CHO+PRO vs. CHO trials [52–56]; the
same R value of 0.28 was used for the CHO vs. control
comparison (as no raw data from these trials could be
obtained to determine an independent value). Sensitivity
analyses were performed using R = 0.60 and 0.90 to test
the robustness of the imputed value. In addition, trials

were individually excluded to examine the influence of
their removal on the overall effect estimate.
Weighted mean treatment effects were calculated

using random-effect models, where trials were weighted
by the inverse variance for the change in the outcome
measure (i.e. rate of muscle glycogen re-synthesis). Stat-
istical significance was attained if the 95% CI did not

Fig. 2 Schematic of the experimental protocol used in studies that were eligible for inclusion in the current review. Crosses (X1 and X2) represent
the pre-treatment and post-treatment needle biopsies, respectively
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include zero. Heterogeneity was assessed using
Cochran’s Q and the I2 index. Low, moderate, and high
heterogeneity was indicated by an I2 value of 25, 50, and
75%, respectively [63]. A p value < 0.10 for Cochran’s Q
was used to indicate significant heterogeneity [48].

Meta-regression Analysis
Restricted maximum likelihood, random-effects simple
meta-regression analyses were performed to determine
whether the magnitude of difference in the rate of muscle
glycogen re-synthesis between treatments was influenced
by: (1) dose of CHO provided (relative and absolute); (2)
pre-treatment muscle glycogen concentrations (i.e. ≤ 150
mmol·kg dm−1 vs. > 150mmol·kg dm−1, as it has been
hypothesised that levels ≤ 150mmol·kg dm−1 can poten-
tially accelerate muscle glycogen re-synthesis [4, 7]); (3)
the relative difference in pre-treatment muscle glycogen
concentrations (%); (4) interval of CHO administration
during recovery (i.e. ≤ hourly vs. > hourly); (5) amount of
CHO provided (i.e. met recommended guidelines (≥ 1.0
g·kg BM−1·h−1) or not); (6) mode of exercise; (7) difference
in the energy content of the CHO+PRO and CHO treat-
ments (i.e. magnitude of energy difference between treat-
ments); (8) PRO source (i.e. whole PRO vs. single (or
mixture) AA; (9) providing PRO at a rate ≥ 0.3 g·kg
BM−1·h−1 when the amount of CHO was sub-optimal (≤
0.8 g·kg BM−1 h−1) but matched in control (i.e. CHO only)
treatment; and (10) methodological quality (Rosendal
score %) of the study. At least 10 data points were re-
quired for a variable to qualify for meta-regression ana-
lysis. Regression analyses were examined for influential
cases and outliers (i.e. studentised residuals, Cook’s dis-
tance and centred leverage values) and multicollinearity
(variance inflation factor). Statistical significance was ac-
cepted as p < 0.05.

Results
Overview of Included Studies and Study Quality
The literature search initially identified 25 eligible inves-
tigations. However, four of these had to be excluded be-
cause the muscle glycogen data (1) could not be
extracted (or retrieved) [13]; (2) were the same as those
reported in an earlier publication [64] that was already
included [50]; (3) incorporated the results of one partici-
pant that did not complete both treatments (i.e. was not
a within-subject comparison) [65]; and (4) were reported
in a metric that could not be reliably converted to
mmol·kg dm−1 [66] using the factors outlined by Areta
and Hopkins [44]. Overall, 29 trials (n = 246 partici-
pants) derived from 21 publications were included in
this review. Methodological quality assessment yielded
an average Rosendal score of 61 ± 8%; all trials scored ≥
50% (range 50–77%). Results of the quality assessment
are shown in Supplementary Table S1.

Effect of CHO vs. Control (Water or Other Non-nutritive
Treatment) on Muscle Glycogen Re-synthesis Rate
Ten trials (n = 86; 91% men) derived from nine publica-
tions investigated the effect of CHO on the rate of muscle
glycogen re-synthesis during post-exercise recovery. Eight
[8, 26, 28, 42, 45, 46, 50] used cycling and two [49, 51]
used resistance training as the mode of glycogen-depleting
exercise. The mean relative CHO intake was 1.02 g·kg
BM−1 h−1 (range 0.50–1.5 g·kg BM−1 h−1), and the mean
post-exercise recovery time was 2.9 h (range 1.0–5.0 h).
On average, participants’ post-exercise (i.e. pre-treatment)
muscle glycogen concentrations were 179mmol·kg dm−1

(range 12–406mmol·kg dm−1) and 197mmol·kg dm−1

(range 30–441mmol·kg dm−1) for the CHO and control
conditions, respectively. Characteristics of the included
trials are summarised in Table 1.
The overall weighted mean effect estimate indicated

that CHO administration significantly increased the rate
of muscle glycogen re-synthesis during short-term post-
exercise recovery (MGΔ re-synthesis rate = 23.5
mmol·kg dm−1 h−1, 95% CI 19.0–27.9, p < 0.001; I2 =
66.8%) (Fig. 3). The magnitude and statistical signifi-
cance of the effect were stable during sensitivity analyses
where trials were removed (MGΔ re-synthesis rate
ranged from 21.8 to 26.8 mmol·kg dm−1 h−1 and 95%
CIs did not include zero). Findings were also compar-
able when alternative correlation coefficients were
used (Supplementary Table S2).
Simple meta-regression analyses identified a signifi-

cant, positive association between the mean difference in
muscle glycogen re-synthesis rate and the interval of
CHO administration, such that studies providing CHO
more frequently (i.e. ≤ hourly) induced a higher rate of
muscle glycogen re-synthesis than those providing CHO
less frequently (i.e. > hourly) (R2 = 0.44, p = 0.027). No
significant associations were identified between the
mean difference in muscle glycogen re-synthesis rate
and any other contextual factors (Table 2).

Effect of CHO+PRO vs. CHO on Muscle Glycogen Re-
synthesis Rate
Nineteen trials (n = 160; 96% men) derived from 13 pub-
lications investigated the effect of co-ingesting CHO
with PRO on the rate of muscle glycogen re-synthesis
during post-exercise recovery. Seventeen [27–29, 47,
54–60] used cycling and two [52, 53] used running as
the mode of glycogen-depleting exercise. Mean post-
exercise muscle glycogen concentrations were 131
mmol·kg dm−1 (range 85–233 mmol·kg dm-1) and 129
mmol·kg dm−1 (range 64–235 mmol·kg dm−1) for the
CHO and CHO+PRO trials, respectively. The mean rela-
tive intake of CHO was 0.95 g·kg BM−1 h−1 (range 0.60–
1.6 g·kg BM−1 h−1) for the CHO trials and 0.86 g·kg
BM−1 h−1 (range 0.50–1.2 g·kg BM−1 h−1) for the CHO+
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PRO trials. The mean relative PRO intake was 0.27 g·kg
BM−1 h−1 (range 0.05–0.40 g·kg BM−1 h−1) for the
CHO+PRO trials and the mean energy difference (kJ)
between trials (favouring CHO+PRO) was 884 kJ (range
0–2343 kJ). Characteristics of the included trials are
summarised in Table 3.
The weighted mean effect estimate indicated that co-

ingesting PRO with CHO did not significantly improve
muscle glycogen re-synthesis rate (MGΔ re-synthesis rate
= 0.4 mmol·kg dm−1 h−1, 95% CI −2.7 to 3.4, p = 0.805;
I2 = 56.4%) compared to consuming CHO alone (Fig. 4).
The magnitude and statistical significance of the effect
were stable during sensitivity analyses where trials were
individually removed (MGΔ re-synthesis rate (mmol·kg
dm−1 h−1) range −0.6 to 1.0, 95% CIs did include zero).
Findings were also comparable when alternative correl-
ation coefficients were used (Supplementary Table S3).
There were no significant relationships identified be-

tween the mean difference in rate of muscle glycogen re-
synthesis and any of the contextual factors explored
using meta-regression. Results of the meta-regression
analyses are summarised in Table 4.

Discussion
The present systematic review and meta-analysis quanti-
fied the effects of consuming CHO (in isolation) and
CHO+PRO on the rate of muscle glycogen re-synthesis
during short-term post-exercise recovery. Overall, a
beneficial effect of ingesting CHO (compared to water
or non-nutritive placebo treatment) was observed on the
rate of muscle glycogen re-synthesis. However, co-
ingestion of CHO with PRO conferred no additional
benefit compared to CHO ingested alone. Furthermore,
the interval of CHO administration was found to be an
influential factor on the rate of muscle glycogen re-
synthesis.

Effect of CHO on Short-Term Muscle Glycogen Re-
synthesis
The current meta-analysis suggests that muscle glycogen
re-synthesis rate is enhanced during short-term post-
exercise recovery when CHO is consumed compared to
control (water or non-nutritive placebo treatment). Except
for one trial [45], all individual effect estimates indicated a
beneficial effect of CHO. However, the magnitude of these
effects was heterogeneous (I2 = 66.8).
Meta-regression analysis identified a significant, posi-

tive relationship between the magnitude of CHO-
induced improvement in muscle glycogen re-synthesis
rate and the interval of CHO administration, which ex-
plains some of this heterogeneity (R2 = 0.44). Indeed, the
regression model for this relationship predicts a ~ 11
mmol·kg dm−1 h−1 increase in the rate of muscle glyco-
gen re-synthesis when trials administer CHO at an inter-
val of ≤ hourly compared to those administering CHO >
hourly. It is worth noting that the amount of CHO con-
sumed is not controlled in this comparison. More fre-
quent CHO administration may enhance muscle
glycogen re-synthesis rate by prolonging the elevation of
plasma glucose and insulin concentrations [7]. However,
to the authors’ knowledge, there are currently no studies
(employing a within-subject study design) that have
directly assessed the effects of providing equal amounts
of CHO at varied frequencies during a fixed period of
post-exercise recovery. Nonetheless, the results of this
meta-analysis suggest that frequent consumption of
CHO (i.e. at least hourly) should be a priority for ath-
letes attempting to optimise short-term muscle glycogen
replenishment.
No correlation was observed between the dose of CHO

(both relative and total) consumed during post-exercise
recovery and rate of muscle glycogen re-synthesis
(Table 2). Consequently, we were unable to determine the
dose of CHO required to optimise the rate of muscle

Fig. 3 Forest plot displaying the effect of CHO vs. control (non-nutrient treatment) on rate of muscle glycogen re-synthesis during short-term
recovery. The size of the squares is proportional to the weight of the study. A positive effect estimate indicates greater rate of muscle glycogen
replenishment with CHO than control. Note: ‘a’ and ‘b’ refer to separate trials derived from a single research study
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glycogen re-synthesis. The lack of correlation may be due
to the limited number of trials (n = 10) available for inclu-
sion in the analysis. As a result, we could not perform
multiple meta-regression (due to the limited number of
trials) and control for the interval of CHO administration;
therefore, this may have prevented the detection of a rela-
tionship between CHO dose and muscle glycogen re-
synthesis rate. Furthermore, the limited number of trials
may have prevented the detection of a relationship be-
tween muscle glycogen concentration immediately post-
exercise and the rate of muscle glycogen re-synthesis
(Table 2). This exploration was of interest because it has
previously been hypothesised to have a positive influence
(i.e. rate of replenishment is enhanced when post-exercise
muscle glycogen concentration is ≤ 150mmol·kg dm−1) on
the rate of muscle glycogen re-synthesis, via mechanisms
that trigger the insulin-independent phase of muscle
glycogen re-synthesis [4, 7].

Effect of CHO+PRO on Short-Term Muscle Glycogen Re-
synthesis
The current meta-analysis suggests that co-ingestion of
PRO with CHO during short-term post-exercise recov-
ery provides no additional benefit to (nor does it impair)
the rate of muscle glycogen re-synthesis compared to
consuming CHO alone. This finding was preserved
when contextual factors were explored using meta-
regression analysis (Table 4). It is also consistent with
results from previous meta-analyses indicating that co-
ingestion of PRO with CHO during short-term recovery
does not improve short-term muscle glycogen re-
synthesis [67] or subsequent exercise performance [68].
Of the 19 trials included in the analysis, only two [29,

58] indicated a significant positive effect favouring
CHO+PRO on the rate of muscle glycogen re-synthesis.
This result may be due to the co-ingestion of PRO in
the context of sub-optimal CHO intake (i.e. ≤ 0.8 g·kg

BM−1 h−1), which has been previously reported as being
beneficial [30]. It was suspected this result was due to a
large insulinemic response by PRO in combination with
CHO, despite inadequate ingestion of the latter. Some
research reports a greater insulinemic response when
PRO (specifically, containing the AA leucine and phenyl-
alanine) is co-ingested with CHO [4, 7, 30, 69], which
has made this an area of interest. This strategy may
allow a total reduction in the amount of nutrition
needed to stimulate an equivalent insulin response, thus,
potentially permitting lower caloric intake while main-
taining adequate glycogen re-synthesis. This may be an
effective strategy in athletes who are trying to reduce en-
ergy consumption (e.g. to make a specific weight div-
ision), but need rapid glycogen recovery to maintain
subsequent training performance, as well as promote
muscle growth and development. However, this strategy
is not supported in other trials [27, 53]. The difference
amongst trials may be attributed to methodological
factors, such as the timing and type of PRO provided
(e.g. insulinemic- vs. non-insulinemic-stimulating AA),
the mode of exercise performed (e.g. cycling vs. run-
ning), and the interval in which muscle tissue was col-
lected between trials (i.e. the length of recovery).
Only one trial [56] showed a significant effect favour-

ing CHO over CHO+PRO on the rate of muscle glyco-
gen re-synthesis. In this trial [56], a mixture of AA were
provided, although only in a relatively small dose (0.09
g·kg BM−1 h−1). The authors hypothesised that the lower
rate of muscle glycogen re-synthesis observed in the
PRO trial may be due to AA triggering protein synthesis,
resulting in glucose being oxidised to support the energy
requirement for this process in place of glycogen storage
[56]. Nonetheless, while the overall effect of our analysis
suggests that co-ingesting PRO with CHO does not pro-
vide any benefit beyond that of CHO alone to muscle
glycogen restoration (even when CHO intake is

Table 2 The influence of contextual factors on the mean difference in rate of muscle glycogen re-synthesis (analysed via restricted
maximum likelihood, simple meta-regression) for CHO vs. control treatments

Effect estimate Mean difference (re-synthesis rate mmol·kg dm−1 h−1)

Covariate Coefficient (95% CI) p value

Glycogen post-exercise (≤ 150mmol·kg dm−1 vs. > 150 mmol·kg dm−1) 4.32 (− 7.78 to 16.4) 0.484

Interval of CHO administration ≤ hourly (yes vs. no) 11.0 (1.24 to 20.9) 0.027

Total CHO (g) intake − 0.00 (− 0.06 to 0.04) 0.665

Relative CHO (g·kg BM−1 h−1) intake 5.00 (− 11.5 to 20.5) 0.553

Met CHO guidelines (yes vs. no) 7.05 (− 5.26 to 19.4) 0.262

Length of recovery (h) 2.09 (− 1.98 to 6.17) 0.314

Relative difference in muscle glycogen immediately post-exercise − 0.12 (− 0.35 to 0.11) 0.317

Mode of exercise (cycling vs. resistance) 1.84 (− 15.3 to 19.0) 0.833

Study quality (Rosendal score %) 0.92 (− 0.10 to 1.94) 0.076

CHO carbohydrate, BM body mass, dm dry mass

Craven et al. Sports Medicine - Open             (2021) 7:9 Page 9 of 15



Ta
b
le

3
C
ha
ra
ct
er
is
tic
s
of

in
cl
ud

ed
tr
ia
ls
ev
al
ua
tin

g
po

st
-e
xe
rc
is
e
m
us
cl
e
gl
yc
og

en
re
-s
yn
th
es
is
du

rin
g
sh
or
t-
te
rm

re
co
ve
ry

(≤
8
h)

w
ith

pr
ov
is
io
n
of

C
H
O
+
PR
O
vs
.C

H
O

St
ud

y
Pa

rt
ic
ip
an

ts
M
ea

n
V̇
O
2p

ea
k

(m
L·
kg

·m
in

−
1
)

Ex
er
ci
se

p
ro
to
co

l
Po

st
-e
xe
rc
is
e

g
ly
co

g
en

(m
m
ol
·k
g
d
m

−
1
)

co
nt
ro
l

Po
st
-e
xe
rc
is
e
g
ly
co

g
en

(m
m
ol
·k
g
d
m

−
1
)

in
te
rv
en

ti
on

Ty
p
e
of

C
H
O
+
PR

O
Ti
m
in
g
of

tr
ea

tm
en

t
(h
)

C
H
O

(g
·k
g
B
M

−
1
h−

1
)

co
nt
ro
l

C
H
O

(g
·k
g

B
M

−
1
h−

1
)

in
te
rv
en

ti
on

PR
O
(g
·k
g

B
M

−
1
h−

1
)

in
te
rv
en

ti
on

Re
co

ve
ry

ti
m
e
(h
)

M
ea
n

di
ffe

re
nc
e
in

re
-s
yn
th
es
is

ra
te

(m
m
ol
·k
g

dm
−
1
h−

1 )

va
n
Lo
on

et
al
.[
29
]a

8
(8
M
)

N
.S

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

19
0

17
4

G
lu
co
se

+
m
al
to
de

xt
rin

+
w
he

at
pr
ot
ei
n

hy
dr
ol
ys
at
e
+

le
uc
in
e
+

ph
en

yl
al
an
in
e

0,
0.
5,
1,

1.
5,
2,
2.
5,

3,
3.
5,
4,
4.
5

0.
8

0.
8

0.
4

5
18
.7

Za
w
ad
zk
i

et
al
.[
58
]

9
(9
M
)

66
.6

C
yc
le
d
fo
r
2
h

al
te
rn
at
in
g

be
tw

ee
n
65

an
d

85
%
V̇
O
2p

ea
k

23
3

21
7

D
ex
tr
os
e
+

m
al
to
de

xt
rin

+
m
ilk

+
W
PI

0,
2

0.
76

0.
76

0.
27

4
10
.2

Ya
sp
el
ki
s

an
d
Iv
y
[5
7]

12
(1
2M

)
67
.2

C
yc
le
d
fo
r
2
h

al
te
rn
at
in
g

be
tw

ee
n
60

an
d

80
%
V̇
O
2p

ea
k

14
4

13
4

M
al
to
de

xt
rin

+
ar
gi
ni
ne

0,
1,
2,
3

1.
0

1.
0

0.
08

4
9.
5

va
n
H
al
l

et
al
.[
27
]a

8
(8
M
)

N
.S

C
yc
le
d
to

ex
h:

2
m
in

in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

10
7

74
G
lu
co
se

+
w
he
at

pr
ot
ei
n
hy
dr
ol
ys
at
e

0.
25
,1
,2

0.
8

0.
8

0.
3

3
5.
8

va
n
H
al
l

et
al
.[
27
]b

8
(8
M
)

N
.S

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

10
7

10
8

G
lu
co
se

+
W
PH

0.
25
,1
,2

0.
8

0.
8

0.
3

3
4.
9

A
lg
ha
nn

am
et

al
.[
52
]

6
(5
M
)

64
.0

Ra
n
to

ex
h
at

70
%

V̇
O
2p

ea
k

10
3

10
0

Su
cr
os
e
+
W
PH

0,
1,
2,
3

1.
2

0.
8

0.
4

4
4.
3

Be
el
en

et
al
.

[5
9]

14
(1
4M

)
61
.5

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

17
2

18
4

M
al
to
de

xt
rin

+
gl
uc
os
e
+
ca
se
in

hy
dr
ol
ys
at
e
+

le
uc
in
e

Ev
er
y
0.
5

1.
2

1.
2

0.
3

6
2.
1

H
ow

ar
th

et
al
.[
55
]a

6
(6
M
)

49
.3

C
yc
le
d
fo
r
2
h:

10
-m

in
in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

80
%
V̇
O
2p

ea
k

97
64

M
al
to
de

xt
rin

+
W
PC

0,
th
en

at
0.
25

un
til

3
1.
2

1.
2

0.
4

4
1.
9

Be
tt
s
et

al
.

[5
3]

6
(6
M
)

61
.0

Ra
n
fo
r
1.
5
h
at

70
%
V̇
O
2p

ea
k

20
3

23
5

Su
cr
os
e
+
W
PI

0,
.5
,1
.1
.5
,

2,
2.
5,
3,
3.
5

0.
8

0.
8

0.
3

4
−
0.
2

H
ow

ar
th

et
al
.[
55
]b

6
(6
M
)

49
.3

C
yc
le
d
fo
r
2
h:

10
-m

in
in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

80
%
V̇
O
2p

ea
k

85
64

M
al
to
de

xt
rin

+
W
PC

0,
th
en

at
0.
25

un
til

3
1.
6

1.
2

0.
4

4
−
0.
4

C
ar
rit
he

rs
et

al
.[
47
]

8
(8
M
)

55
.7

C
yc
le
d
fo
r
1.
25

h
at

70
%
V̇
O
2p

ea
k;

fo
llo
w
ed

by
6
×

10
8

89
Su
cr
os
e
+
fru

ct
os
e

+
de

xt
ro
se

+
m
ix
ed

A
A

0,
0.
5,
1,

1.
5,
2,
2.
5,

3,
3.
5

1.
0

0.
86

0.
14

4
−
1.
3

Craven et al. Sports Medicine - Open             (2021) 7:9 Page 10 of 15



Ta
b
le

3
C
ha
ra
ct
er
is
tic
s
of

in
cl
ud

ed
tr
ia
ls
ev
al
ua
tin

g
po

st
-e
xe
rc
is
e
m
us
cl
e
gl
yc
og

en
re
-s
yn
th
es
is
du

rin
g
sh
or
t-
te
rm

re
co
ve
ry

(≤
8
h)

w
ith

pr
ov
is
io
n
of

C
H
O
+
PR
O
vs
.C

H
O

(C
on

tin
ue
d)

St
ud

y
Pa

rt
ic
ip
an

ts
M
ea

n
V̇
O
2p

ea
k

(m
L·
kg

·m
in

−
1
)

Ex
er
ci
se

p
ro
to
co

l
Po

st
-e
xe
rc
is
e

g
ly
co

g
en

(m
m
ol
·k
g
d
m

−
1
)

co
nt
ro
l

Po
st
-e
xe
rc
is
e
g
ly
co

g
en

(m
m
ol
·k
g
d
m

−
1
)

in
te
rv
en

ti
on

Ty
p
e
of

C
H
O
+
PR

O
Ti
m
in
g
of

tr
ea

tm
en

t
(h
)

C
H
O

(g
·k
g
B
M

−
1
h−

1
)

co
nt
ro
l

C
H
O

(g
·k
g

B
M

−
1
h−

1
)

in
te
rv
en

ti
on

PR
O
(g
·k
g

B
M

−
1
h−

1
)

in
te
rv
en

ti
on

Re
co

ve
ry

ti
m
e
(h
)

M
ea
n

di
ffe

re
nc
e
in

re
-s
yn
th
es
is

ra
te

(m
m
ol
·k
g

dm
−
1
h−

1 )

1
m
in

sp
rin

t
at

12
5%

V̇
O
2p

ea
k

va
n
H
al
l

et
al
.[
27
]c

8
(8
M
)

N
.S

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s

al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

10
7

80
G
lu
co
se

+
gl
ut
am

in
e

0.
25
,1
,2

0.
8

0.
8

0.
3

3
−
2.
0

C
og

an
et

al
.

[5
4]
a

11
(1
1M

)
61
.2

C
yc
le
d
fo
r
2
h
at

70
%
V̇
O
2p

ea
k

13
6

13
4

G
lu
co
se

+
m
al
to
de

xt
rin

+
so
di
um

ca
se
in
at
e

0,
2

0.
6

0.
5

0.
08

4
−
2.
7

W
an
g
et

al
.

[5
6]
b

10
(7
M
)

50
.2

C
yc
le
d
fo
r
2
h
at

70
%
V̇
O
2p

ea
k;

fo
llo
w
ed

by
5
×

1
m
in

sp
rin

t
at

85
%
V̇
O
2p

ea
k

11
4

14
6

D
ex
tr
os
e
+
m
ix
ed

A
A

0,
2

0.
6

0.
6

0.
04
5

4
−
3.
7

va
n
H
al
l

et
al
.[
28
]b

5
(N
.S
)

61
.0

C
yc
le
d
to

ex
h:

2
m
in

in
te
rv
al
s

al
te
rn
at
in
g
be

tw
ee
n

50
an
d
90
%
V̇
O
2p

ea
k

90
69

Su
cr
os
e
+
W
PH

0,
an
d
th
en

ev
er
y
0.
25

(u
nt
il
3.
75
)a

1.
2

1.
2

0.
36

4
−
4.
5

W
an
g
et

al
.

[5
6]
a

10
(7
M
)

50
.2

C
yc
le
d
fo
r
2
h
at

70
%
V̇
O
2p

ea
k;
fo
llo
w
ed

by
5
×
1
m
in

sp
rin

t
at

85
%
V̇
O
2p

ea
k

11
4

12
4

D
ex
tr
os
e
+
m
ix
ed

A
A

0,
2

0.
6

0.
6

0.
09

4
−
6.
6

C
og

an
et

al
.

[5
4]
b

11
(1
1M

)
61
.2

C
yc
le
d
fo
r
2
h
at

70
%
V̇
O
2p

ea
k

13
6

10
7

G
lu
co
se

+
m
al
to
de

xt
rin

+
so
di
um

ca
se
in
at
e

hy
dr
ol
ys
at
e

0,
2

0.
6

0.
5

0.
08

4
−
7.
1

va
n
Lo
on

et
al
.[
29
]b

8
(8
M
)

N
.S

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s
al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

13
8

17
4

G
lu
co
se

+
m
al
to
de

xt
rin

+
w
he

at
pr
ot
ei
n

hy
dr
ol
ys
at
e
+

le
uc
in
e
+

ph
en

yl
al
an
in
e

0,
0.
5,
1,

1.
5,
2,
2.
5,

3,
3.
5,
4,
4.
5

1.
2

0.
8

0.
4

5
−
9.
6

Je
nt
je
ns

et
al
.[
60
]

8
(8
M
)

63
.3

C
yc
le
d
to

ex
h:

2-
m
in

in
te
rv
al
s
al
te
rn
at
in
g

be
tw

ee
n
50

an
d

90
%
V̇
O
2p

ea
k

10
6

17
6

G
lu
co
se

+
m
al
to
de

xt
rin

+
w
he

at
pr
ot
ei
n

hy
dr
ol
ys
at
e
+

le
uc
in
e
+

ph
en

yl
al
an
in
e

0,
0.
5,
1,

1.
5,
2,
2.
5

1.
2

1.
2

0.
4

3
−
14
.4

A
ll
tr
ia
ls
ta
bu

la
te
d
us
ed

a
ra
nd

om
is
ed

,c
on

tr
ol
le
d,

w
ith

in
-s
ub

je
ct

ex
pe

rim
en

ta
ld

es
ig
n.

‘a
’,
‘b
’,
an

d
‘c
’r
ef
er

to
se
pa

ra
te

tr
ia
ls
de

riv
ed

fr
om

a
si
ng

le
re
se
ar
ch

st
ud

y
N
.S
no

t
sp
ec
ifi
ed

,M
m
al
e,

m
in

m
in
ut
e,

ex
h
ex
ha

us
tio

n,
V̇
O
2
p
e
ak

pe
ak

m
ax
im

al
ox
yg

en
up

ta
ke
,B

M
bo

dy
m
as
s,
dm

dr
y
m
as
s,
CH

O
ca
rb
oh

yd
ra
te
,P

RO
pr
ot
ei
n,

A
A
am

in
o
ac
id
s,
W
PI

w
he

y
pr
ot
ei
n
is
ol
at
e,

W
PC

w
he

y
pr
ot
ei
n

co
nc
en

tr
at
e;

W
PH

:w
he

y
pr
ot
ei
n
hy

dr
ol
ys
at
e,

m
ix
m
ix
tu
re

a E
st
im

at
ed

la
st

be
ve
ra
ge

w
as

co
ns
um

ed
at

3.
75

h

Craven et al. Sports Medicine - Open             (2021) 7:9 Page 11 of 15



suboptimal), it is important to recognise that PRO re-
mains critical for many physiological recovery processes
(e.g. muscle repair). As such, a combined CHO+PRO ap-
proach is likely to remain an important consideration
for nutrition recovery strategies more broadly.
A recent meta-analysis [67] similar to the present

study reported a significant main effect (favouring
CHO+PRO over CHO) on muscle glycogen re-synthesis
rate when the energy intake was not matched between
treatments (non-isocaloric). This finding contrasts the
results of the present study (Table 4). The discrepancy
between findings may be due to a number of factors.
Firstly, different effect estimates were used between
studies; we reported the mean difference for ease of in-
terpretation [70], whereas Margolis et al. [67] reported
Hedges’ g. Secondly, studies employing 13C-MRS

techniques to determine muscle glycogen concentration
were included in the previous study, while our results
are based on studies using muscle tissue samples for
glycogen analysis (as a means of reducing methodo-
logical heterogeneity). Thirdly, the previous meta-
analysis included studies that provided CHO+PRO in
combination with fat, and in some circumstances, the fat
content was not matched between treatments [26, 47,
51, 71, 72]. Finally, one study [56] was omitted from the
previous meta-analysis without clear explanation and a
number of trials [27, 47, 54] that were part of a parallel
design were also excluded; in contrast, we included trials
from a single study that provided PRO from different
sources. As a result, direct comparison of findings be-
tween the two meta-analyses is difficult and each should
be interpreted on their individual merits.

Fig. 4 Forest plot displaying the effect of CHO+PRO vs. CHO on rate of muscle glycogen re-synthesis during short-term recovery. The size of the
squares is proportional to the weight of the study. A positive effect estimate indicates greater rate of muscle glycogen replenishment with CHO+PRO
than CHO. Note: ‘a’, ‘b’, and ‘c’ refer to separate trials derived from a single research study

Table 4 The influence of contextual factors on the mean difference in rate of muscle glycogen re-synthesis (analysed via restricted
maximum likelihood, simple meta-regression) for CHO+PRO vs. CHO treatments

Effect estimate Mean difference (re-synthesis rate mmol·kg dm−1 h−1)

Covariate Coefficient (95% CI) p value

Relative difference in muscle glycogen immediately post-exercise −0.10 (−0.25 to −0.06) 0.216

Magnitude of energy (kJ) difference between treatments 0.01 (−0.00 to 0.01) 0.084

Whole PRO vs. single/mixed AA 3.46 (−2.84 to 9.77) 0.282

Recovery duration (h) 0.28 (−4.39 to 4.95) 0.906

Mode of exercise (running vs. cycling) 1.33 (−8.12 to 10.8) 0.783

CHO provided is sub-optimal (yes vs. no) 0.73 (−5.79 to 7.26) 0.826

Study quality (Rosendal score %) −0.19 (−0.49 to 0.11) 0.211

PRO protein, CHO carbohydrate, AA amino-acids, kJ kilojoule
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Limitations
This review does contain several limitations. Firstly, only
studies with accessible full-text articles written in Eng-
lish were included. Secondly, the relatively limited num-
ber of trials included in the present meta-analysis
prevented a comprehensive exploration of other factors
(e.g. CHO type/combinations, dose of CHO/PRO, train-
ing status, muscle typology) that can potentially influ-
ence the rate of muscle glycogen re-synthesis. The low
number of female participants included in original inves-
tigations (9.3 and 4.4 % for CHO vs. control and CHO+
PRO vs. CHO, respectively) also precluded the explor-
ation of sex as an influential factor on the rate of muscle
glycogen re-synthesis. Thus, despite the plethora of re-
search investigating the effect of CHO intake on muscle
glycogen re-synthesis, opportunities for further research
remain. Studies exploring the influence of sex, muscle
fibre typology, training status, CHO type/combination,
and the dose of CHO/PRO, on the short-term muscle
glycogen re-synthesis, are warranted to enhance our un-
derstanding of CHO and CHO+PRO provision during
short-term recovery.

Conclusion
Results of the present review suggest that individuals
with limited opportunity for nutritional recovery be-
tween consecutive bouts of exercise (e.g. ≤ 8 h) should
prioritise CHO ingestion to enhance the rate of muscle
glycogen re-synthesis. Co-ingesting PRO with CHO does
not appear to enhance the rate of muscle glycogen re-
synthesis, nor is it detrimental. The interval of CHO ad-
ministration appears to be an important factor that may
influence the magnitude of effect CHO has on the rate
of muscle glycogen re-synthesis. Hence, athletes should
be encouraged to consume CHO at least hourly (or
more frequently) over the longest period of short-term
recovery (≤ 8 h) feasible.
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