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ABSTRACT

Objectives: To determine if a4 d period of high carbohydrate intake can supercompensate muscle glycogen
and exercise work capacity on back-to-back occasions.
Design: Seven trained cyclists (6 male, VO,peak: 57 £4mLkg~! min~!) completed a 9-d experimental
period, consisting of three intermittent exhaustive cycling trials on days 1 (trial 1), 5 (trial 2) and 9 (trial
3). Following trial 1 cyclists were fed a high carbohydrate diet (10 gkg~! day~') for eight days to assess
their capacity to repeatedly supercompensate muscle glycogen with 4 d recovery.
Methods: A resting muscle biopsy was obtained prior to each trial consisting of 2 min work intervals
(90-60% peak power output) interspersed with 2 min recovery (40% peak power output) repeated until
exhaustion. Each 72-h period between trial days included two days of low volume cycling and a rest day.
Resting muscle glycogen and total work completed was determined for each trial day.
Results: Baseline muscle glycogenonday 1(583.6 + 111.0 mmol kg~! dry mass) was supercompensated on
day 5(835.1+112.8 mmol kg~ dry mass; p=0.04, d=2.25) and again on day 9 (848.3 + 111.4 mmol kg~!
dry mass; p=0.01, d =2.38). Total cycling work capacity increased from trial 1 to trial 2 (+8.7 5.4 k] kg~ ;
p=0.01; d=1.41); a large effect was observed in trial 3 compared to trial 1 (+6.4+6.8kJkg~!; p=0.10;
d=1.10).
Conclusions: A4 d high carbohydrate feeding strategy is sufficient to repeatedly supercompensate muscle
glycogen content following exhaustive exercise and results in enhanced work capacity.

© 2019 Published by Elsevier Ltd on behalf of Sports Medicine Australia.

Practical implications

1. Introduction

e [t is possible to repeatedly supercompensate muscle glycogen
with 4 d of high CHO feeding between consecutive bouts of
exhaustive exercise.

e Improved high intensity exercise capacity (25-30%) was main-
tained during “back-to-back” exercise performances, demon-
strating beneficial effects associated with effective repeated CHO
loading.

e Practitioners and athletes should carefully consider the dietary
and recovery strategy that enables the maintenance of exercise
capacity when the competition schedule is congested with lim-
ited recovery between matches or events.

* Corresponding author.
E-mail address: vcoffey@bond.edu.au (V.G. Coffey).

https://doi.org/10.1016/j.jsams.2019.03.009
1440-2440/© 2019 Published by Elsevier Ltd on behalf of Sports Medicine Australia.

The relationship between dietary carbohydrate (CHO) intake
and skeletal muscle glycogen content has been recognised for over
half a century. Pioneering work from the 1960’s demonstrated that
glycogen depletion concomitant with a high CHO diet over sub-
sequent days resulted in an enhanced glycogen storage.! These
data were the foundation for studies elucidating the relationship
between dietary CHO intake and muscle glycogen concentrations,?
exercise capacity’ and performance.* The use of stable isotopes
in later years not only confirmed an increased reliance on car-
bohydrate oxidation with increasing exercise intensity, but also
highlighted the crucial contribution of endogenous CHO to exercise
greater than 85% of VO, peak.>®

Carbohydrate loading achieved through high dietary CHO intake
has been shown to promote skeletal muscle glycogen supercom-
pensation and enhance prolonged (>90 min) endurance exercise
performance in laboratory’ and field* settings. Current recom-
mendations suggest a 36-48h period of high CHO feeding at
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Fig. 1. Study overview. Participants completed a 48 h and 24 h period of exercise and dietary standardisation, respectively, prior to completing three intermittent exhaustive
cycling trials on days 1, 5 and 9. Cycling trials were separated by matched periods (days 2-4 and 6-8) of prescribed training and pre-packaged dietary intake. Steady state
cycling bouts consisted of 60-90 min of cycling at 58-63% PPO. CGM = continuous glucose monitor insertion; CHO = carbohydrate; SS = steady state.

8-12 g-kg—'-day~! is sufficient to supercompensate muscle glyco-
gen stores during a taper period.8~'? However, despite the potential
performance benefits of high pre-exercise CHO intakes, the con-
gested competition schedules of professional athletes of many team
sports and cycling in various formats'! including one-day classics,
often limits the time between events and removes the opportu-
nity for a traditional taper. In such a scenario, there is a paucity of
data available on the capacity to supercompensate muscle glycogen
twice in quick succession; i.e., repeatedly CHO loading for compe-
titions separated by 3-4 days.

To date, a single study has examined the efficacy of “back-to-
back” carbohydrate loading to achieve repeated muscle glycogen
supercompensation.'? Mclnerney et al.'? determined the capacity
of well-trained male cyclists to supercompensate muscle glyco-
gen prior to consecutive exhaustive exercise trials separated by
48 h recovery. They showed that with very high CHO intakes
(12 gkg~1 day~1) throughout the experimental period, participants
were able to supercompensate muscle glycogen once, but not on a
second occasion when a 48 h recovery or “turnaround time” was
available. Interestingly, Bussau et al.'> have shown well-trained
cyclists can supercompensate muscle glycogen in just 24 h; thus,
while the mechanisms underpinning the inability to repeatedly
supercompensate muscle glycogen remain unclear, the interaction
between days of recovery following repeated exhaustive exercise,
the amount of CHO consumed, and the fate of ingested CHO appear
to dictate the physiological and performance outcomes if repeated
muscle glycogen supercompensation is desired.

Accordingly, the aim of the present study was to determine
if extending the CHO loading period to 4 d between exhaus-
tive exercise trials would enable “back-to-back” muscle glycogen
supercompensation in trained athletes. We hypothesised that a
4-day duration of higher total CHO intake between trials would
augment the capacity for glycogen storage enabling repeated mus-
cle glycogen supercompensation and enhanced performance.

2. Methods

Six male and one female cyclist completed the study (n=7,
37 +6y, VO,peak: 56.8+3.7mLkg-!.min"!, peak power output
(PPO): 323 +36W, 76.1 +10.0kg, 177.8 + 6.2 cm). All participants
reported a consistent training volume (10.1 + 3.0 hw~1!) for at least
eight weeks prior to participation. The study was approved by Bond
University’s Human Research Ethics Committee and participants
provided written informed consent prior to the study.

Participants initially visited the laboratory for preliminary test-
ing and familiarisation, and provided a completed 3 d dietary
record. Height and body mass was recorded (WM204, Wedder-
burn, Australia) and mass at this time-point was used for dietary
prescription. Subsequently, a graded exercise test'4 was completed
to determine PPO for steady state (SS) cycling and trial workload
prescription. Testing was conducted on an Excalibur Sport cycle
ergometer (Lode, Groningen, Netherlands) and expiratory gasses
were continuously monitored on a metabolic cart calibrated to
manufacturer’s instructions (CosMed, Rome, Italy). VO,peak was
deemed as the highest rate of oxygen consumption recorded over a

305 average. Participants then undertook a 60 min familiarisation
of the trial day protocol on the same Wattbike Pro cycling ergome-
ter that was to be used in each trial (Wattbike Ltd, Nottingham,
UK).

Seven (+2) days later participants commenced a 48 h exercise
and 24 h dietary standardisation. Two days prior to cycling trial
1, participants completed a standardised SS cycling bout between
58 and 63% PPO for 60-90 min. SS cycling bouts were also com-
pleted throughout the experimental period on days 2, 3, 6 and 7.
All SS cycling bouts during the study were undertaken on the same
habitual road training circuit matched within-participant, and a
pedal-based power meter system was fitted to each participant’s
bicycle for training prescription and load monitoring (Assioma Uno,
Favero Electronics, Arcade TV, Italy). One day prior to cycling trial
1, participants were provided with a diet containing 5 gkg~! CHO.
A continuous glucose monitor (CGM; iPro2; Medtronic, Northridge,
CA, USA) was also inserted into the abdominal region, and a second
CGM was inserted on day 4 of the experimental period. Partici-
pants recorded blood glucose concentrations from capillary blood
(Abbott, IL USA) prior to each meal and sleep for CGM calibration.
Seventy-two-hour area under the curve (AUC) was determined for
the three days preceding trial 2 and 3, during CHO load 1 and 2,
respectively. Due to technical difficulties CGM data are n=6. Fol-
lowing the 48 h standardisation period participants commenced
the 9 d experimental period consisting of three cycling trials on
days 1,5 and 9 (Fig. 1).

On the morning of each cycling trial, participants reported to
the laboratory (0600) after an overnight fast and a resting skele-
tal muscle biopsy was obtained from the vastus lateralis under
local anaesthetic (1% xylocaine) using a 5mm Bergstrom needle
modified with manual suction. Body mass was measured and par-
ticipants completed a 10 min warm up at 40% PPO. Trials consisted
of 2min intervals at a 1:1 work-recovery ratio with heart rate
(HR) recorded continuously (Polar H10, Polar Electro, Finland).
Work intervals initially corresponded to a mechanical workload
of 90% PPO, and all recovery intervals were 40% PPO. Participants
completed as many repetitions as possible until they could no
longer maintain the prescribed workload (mean interval workload
less than 3W from prescribed); mechanical workload was then
decreased by 10%. This process was repeated at workloads of 80,
70 and 60% PPO. When a workload of 60% PPO could no longer be
maintained the trial was terminated. Blood glucose was measured
immediately post-exercise, and athletes were subsequently fed a
meal containing 2 gkg~! CHO within 15 min of exercise cessation.
Total work was calculated as the sum of all completed/attempted
intervals inclusive of recovery bouts and expressed relative to body
mass recorded on that day (k] kg—!). Work done at each workload
was calculated as the sum of only fully completed intervals, exclud-
ing recovery work. All exercise testing bouts were completed under
standard laboratory conditions (22 °C) on the same cycle ergome-
ter. At the completion of trial 1, participants consumed a high CHO
diet (10 g.kg—! day—!) for the next eight days.

All meals and snacks were provided to participants and all foods
were weighed prior to packaging for estimation of consumed CHO
(Foodworks 7.0, Xyris, Australia). Participants were instructed to
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consume only foods provided and complete only exercise associ-
ated with the study; both were verified by daily food checklists and
training diaries, respectively. Participants were instructed to con-
sume foods as three main meals as prescribed, with additional foods
consumed ad libitum but replicated on a daily basis. Final adjust-
ments were made to the nutrient analysis for any foods omitted by
participants. Training diaries recorded session rating of perceived
exertion (sRPE)'> for SS cycling bouts, and data files from partici-
pant’s global positioning systems were received daily to quantify
external load (kJkg~1) and verify compliance. Trials were sepa-
rated by matched 72 h periods consisting of the same prescribed
low intensity SS cycling bout (as in the standardisation period) for
two days followed by one rest day; thus, both training and diet from
days 1-4 (CHO load 1, prior to trial 2) were replicated in days 5-8
(Fig. 1).

Muscle glycogen concentration was determined according
to the acid hydrolysis method!®!7 with glucose concentration
quantified using a commercially available kit (GLUC-HK, Randox
Laboratories, Antrim, UK). Glycogen concentration (mmol kg~! dry
mass [DM]) was then calculated and the mean of replicates used
for data analysis. The CV of glycogen replicates was 5.9 4+ 6.0%
(mean + SD).

Data were analysed using one-way repeated measures analy-
sis of variance and Tukey’s multiple comparisons test was used
for trial-to-trial comparisons. Paired t-tests were used to com-
pare 72 h AUC values from interstitial glucose traces. Normality
was confirmed by Shapiro-Wilk test and alpha was 0.05. Cohen’s
d effect sizes were used to determine the magnitude of differences
with threshold values for small, moderate and large effects 0.2,
0.5 and 0.8, respectively. All statistical analyses were conducted
in GraphPad Prism 7.03 (GraphPad software, CA USA) and data are
mean =+ standard deviation.

3. Results

Participants’ reported energy intake was 151.0+24.0kJ kg1,
containing 3.7+0.8gkg~! CHO. In the 24h prior to cycling
trial 1 participants consumed 137.4+6.4kJkg-!, containing
5.2+0.1gkg~! CHO in the provided standardised diet. Over the
following eight-days, participants consumed a daily mean energy
intake of 248.2+9.7kJkg~! with mean macronutrient intakes
of 10.6+04gkg~! CHO (0.3+0.1gkg ! fibre), 1.6+0.1gkg™!
protein and 1.0+0.1gkg=! fat. Small daily variations in con-
sumed CHO and energy intake were apparent with CHO intake
higher on day 7 (10.8+0.4gkg!) compared to days 1, 2
and 4 (range of mean data: 10.4-10.5gkg~!, p<0.05). Total
energy was also lower on day 1 (241.1+9.4kJkg~!) compared
to days 2, 4, 6, 7 and 8 (249.3-252.1kJkg"!, p<0.05), and
on day 5 (243.2+10.7kJkg~!) compared with days 6 and 8
(252.1-252.2Kk] kg1, p<0.05).

There was a main effect of trial for muscle glycogen
concentration (Fig. 2A). Baseline muscle glycogen at trial 1
(583.6+111.0mmolkg~! DM) was increased prior to trial 2
(835.1+112.8mmolkg~! DM, p=0.04, d=2.25) and trial 3
(848.3+111.4mmolkg-! DM, p=0.01, d=2.38). There was also
a main effect of trial for total work capacity (Fig. 2B) and
trial/cycling duration. Work capacity and cycling duration in
trial 1 (25.3+£6.1kJkg!; 169.1 +43.8 min) was increased in trial
2 (34.0+.6.2kJ kg1, p=0.01, d=1.41; 226.6+31.7 min, p<0.01,
d=1.50); a large but non-significant effect was evident in trial
3 (31.7+£5.5k kg™!, p=0.10, d=1.10; 208.0 +22.4min, p=0.12,
d=1.12). There was a modest decrease in cycling work capac-
ity between trials 2 and 3 only evident as a small effect size
(-=2.3+3.6Kk kg, p=028, d=0.39; —18.6+24.6min, p=0.19,
d=0.68). Body mass increased 1.0+0.7% from trial 1 to trial 2
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Fig. 2. Effects of repeated 4 d carbohydrate loading (10gkg~! day~!) on (A) pre-
exercise skeletal muscle glycogen concentration (mmol kg~" dry mass) and (B) total
work capacity (k] kg~!) in exhaustive cycling trials 1 (unloaded), 2 and 3 (loaded).
Cycling trials were completed on days 1, 5 and 9 of the 9 d experimental period
and consisted of 2 min work intervals (90-60% peak power output) interspersed
with 2 min recovery (40% peak power output) undertaken to exhaustion. Data were
analysed using one-way repeated measures ANOVA with Tukey’s post-hoc analy-
ses. Grey circles represent individual data points. @ Different from trial 1 (p<0.05).
DM =dry mass.

(75.6£10.1vs.76.3+10.3 kg, p=0.02,d=0.07), but was not differ-
entin trial 3 compared to trial 1 (0.6 +0.9%; 76.0 + 10.0 kg, p=0.25,
d=0.04).

There were no differences across trials in the amount of
work completed at any intensity. However, compared to trial 1
(7.1£2.3KkJkg™1) there was a small and moderate increase in
high intensity work done at 90% PPO in trial 2 (8.9+4.7kJkg1;
p=0.30,d=0.49) and 3 (9.8 + 5.8 k] kg~1; p=0.29,d=0.61), respec-
tively. There was a main effect of trial for peak HR during
high intensity (90% PPO) workloads. Peak HR was lower in trial
3 (170.4+7.1) compared to both trial 2 (174.1+7.5, p=0.03,
d=0.51) and trial 1 (177.34+7.3, p=0.006, d=0.96). Post-exercise
blood glucose concentration was not different between trials
(4.1+£0.6 mM).

Interstitial glucose AUC was different during matched 72h
periods spaning CHO load 1 and 2. The AUC during CHO load 1
(days 2-4; 390.2 +28.9 mmol Lh~1) was greater than during CHO
load 2 with a small effect size (days 6-8; 376.8+31.1 mmolLh~1;
p=0.03, d=0.45; Fig. 3). There were no differences in exter-
nal load (11.0+3.4kJkg™1) or sRPE across all SS cycling bouts
(297.84+111.3 AU). The mean duration of SS cycling bouts was
75.5+22.0min and the mean workload was 58.3 +3.4% of PPO
(25+£02Wkg1).

4. Discussion

The main findings of this study were that: (1) repeated muscle
glycogen supercompensation was achieved with consecutive 4 d
periods of high CHO feeding; (2) 72 h interstitial glucose AUC was
lower throughout the second CHO loading period compared to the
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Fig. 3. Interstitial glucose area under the curve (mmol Lh~1) for matched 72 h peri-
ods during carbohydrate load 1 (days 2-4) and 2 (days 6-8). Interstitial glucose was
measured continuously throughout the 9 d experimental period and matched 72 h
periods were analysed using paired samples t-tests (n=6). Grey circles represent
individual data points. @ Different from carbohydrate load 1 (p<0.05). AUC=area
under the curve.

first CHO load, despite matched dietary intakes; and (3) successive
glycogen supercompensation was accompanied by a large increase
in exercise work capacity on each occasion.

Our study shows for the first time that back-to-back mus-
cle glycogen supercompensation is possible following exhaustive
exercise with 4 d of high carbohydrate feeding. The data from
the present study expand on the previous work from Mclner-
ney et al.!? that show consecutive 2 d periods of CHO loading
between exhaustive exercise substantially increased muscle glyco-
gen concentration after the first 2 d CHO loading period, but
failed to promote glycogen supercompensation after the sec-
ond CHO loading period. Despite the difference in recovery days
between studies, the initial glycogen supercompensation was in
close agreement, resulting in an increased muscle glycogen content
of 250-280 mmol kg~! DM above normal resting levels. However,
the contrasting effect on glycogen resynthesis between studies
when the high CHO feeding strategy was immediately repeated,
indicates interactions between temporal, dietary and physiologi-
cal factors may affect the capacity for consecutive muscle glycogen
supercompensation in relatively short timeframes.

It has been proposed that failure of muscle glycogen stores
to repeatedly reach supercompensated levels may be a conse-
quence of the cumulative effect of exhaustive exercise bouts in
close succession'?. For example, acute mechanisms of glycogen
resynthesis are purported to include elevated AMPK and glycogen
synthase activity.'® However, glycogen synthase activity appears
to be similar with repeated glycogen depletion and carbohydrate
loading,'? and therefore seems unlikely to attenuate glycogen
supercompensation under these conditions. The possibility exists
that excessive muscle fatigue and/or a priority for muscle repair
and remodelling after repeated and prolonged strenuous exercise
impairs, at least in part, activation of the cellular mechanisms
for glycogen resynthesis, or glucose is utilised for cellular pro-
cesses rather than glycogen storage!'?; such a hypothesis has
been proposed following exercise inducing mechanical muscle
damage,'? but is also plausible following high intensity cycling,
given prolonged/intense aerobic exercise is also associated with
high rates of protein turnover.?’ Consequently, the 4 d between
exercise to exhaustion in the present study that included two
recovery days and a rest day, together with a total CHO intake of
40gkg=1, may be necessary to permit repeated muscle glycogen
supercompensation. Whether an impairment in glycogen resyn-
thesis is unique to exhaustive exercise bouts with limited recovery
(<48 h) and whether severe glycogen depletion is a prerequisite
for repeated muscle glycogen supercompensation are important
questions for future research. A limitation of the present study

was the omission of post-exercise muscle biopsies following tri-
als 1 and 2; consequently, the post-exercise muscle glycogen
concentrations are not reported. However, based on data from
Mclnerney and colleagues,'? it is clear that this exercise protocol
significantly reduces muscle glycogen, and post-exercise muscle
glycogen concentrations in our study were likely 100 mmol kg~!
DM. Nonetheless, our data provide support for the practical util-
ity of CHO loading to elevate muscle glycogen concentrations for
enhanced performance capacity in competition,® and also provides
new information to show repeated glycogen supercompensation is
achievable in a 4 d timeframe, which has important implications
for dietary and recovery strategies during congested competition
schedules.

Interestingly, despite muscle glycogen supercompensation in
response to the consecutive CHO loading trials, there was a small
effect for a lower glucose AUC during the second CHO load. There
are several potential mechanisms to explain such a finding. Firstly,
a reduced CHO absorption at the gastrointestinal tract may be
evident, due to an interaction between repeated prolonged exer-
cise bouts that may predispose to intestinal epithelial damage,?!
and prolonged exposure to a very high CHO/energy diet. Indeed,
the primary glucose transporter in enterocytes (SGLT1) has the
capacity for dynamic change and is highly responsive to altered
carbohydrate intake.?>23 Accordingly, the initial days of high CHO
feeding following trial 1 may have promoted an immediate adap-
tive response that increased activity of transporters, which abated
inresponse to the arduous exercise and dietary regimens. Second, it
is possible the lower glucose AUC may be due to enhanced storage of
glycogen in Type Il fibres stimulated by the high intensity, exhaus-
tive exercise during trial 1 that may not have been detectable from
the glycogen assay. Finally, it's most likely an increased clearance
of circulatory glucose is due to greater rates of CHO oxidation with
prolonged exposure to high carbohydrate availability. Goedecke
et al.24 have shown muscle glycogen content is strongly correlated
with resting respiratory exchange ratio, and together with Type I
muscle fibre content (among other factors) explains 60% of the vari-
ability in resting respiratory exchange ratio. This phenomenon and
the increase in CHO oxidation routinely reported at rest>> and dur-
ing exercise?® with high dietary CHO intakes likely accounts for the
lower whole body glycaemia during the 72 h period between trials
2 and 3.

The carbohydrate loading protocol in the present study was
associated with an increase in total work capacity, and a small-
moderate effect for greater work performed at 90% PPO in trials
2 and 3, respectively. Accordingly, our data support the well
characterised and beneficial effect of commencing exercise with
high muscle glycogen concentration on endurance performance.’
Indeed, a recent meta-analysis?’ presents models of muscle glyco-
gen utilisation during exercise of differing intensities and starting
glycogen concentrations. Our data support the findings of Areta and
Hopkins?’ showing higher starting glycogen concentration extends
time to fatigue during prolonged bouts of endurance exercise.
While there was similar high intensity work performed in trial 2 and
3, a marginal reduction in total work capacity was apparent in trial
3 despite comparable starting muscle glycogen. It may be that the
repeated priming of muscle with high starting glycogen concentra-
tion prior to prolonged exercise predisposed cellular metabolism to
greater rates of glycogen utilisation during trial 3,28 resulting in a
minor reduction in exercise capacity. In addition, peak heart rate
in trial 3 was lower than trials 2 and 1, which may be indicative
of cumulative fatigue/overreaching in participants undertaking a
series of exercise bouts to exhaustion.?? Regardless, in trial 3 par-
ticipants completed more high intensity work compared to trial 1,
and displayed a similar total work capacity to trial 2, demonstrating
a beneficial effect of CHO loading to a fatigued athlete.
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5. Conclusion

Our study provides novel data on the supercompensation of
muscle glycogen concentration with a high CHO intake between
repeated bouts of exhaustive exercise. We show that repeated mus-
cle glycogen supercompensation is possible with 4 d of high CHO
feeding between exhaustive exercise bouts, and that the CHO load-
ing strategy we employed was associated with an increase in the
amount of high intensity work performed and superior endurance
capacity.
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