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Abstract

We examined liver and muscle glycogen utilization during high-intensity interval cycling, and the impact of carbohydrate (CHO)
feeding, using noninvasive *C magnetic resonance spectroscopy (MRS). Following 24 h of standardized dietary intake, nine
male cyclists completed 8 x 5-min intervals (1-min recovery), ingesting either placebo (PLA), 60 g maltodextrin (CHO), or 60 g
maltodextrin plus caffeine, taurine, L-theanine, L-citrulline, and citicoline (CHO ) in a randomized crossover design. *C MRS and
'H imaging were performed pre- and postexercise to determine liver and muscle glycogen and liver volume, respectively. Liver
glycogen utilization was not significantly different between trials (P = 0.101) despite lower postexercise plasma glucagon concen-
trations in CHO and CHO ™ (P = 0.001). In contrast, muscle glycogen utilization was significantly lower (~40%) with CHO feeding
compared with PLA (P = 0.006), yet this sparing effect was not evident with CHO ™ (P = 0.073) in accordance with a higher
mean power output during the late intervals (4 2.8%, P = 0.046). Plasma glucose was comparable between trials (P = 0.175),
whereas plasma lactate was higher in CHO " versus CHO (P = 0.003), alongside lower blood bicarbonate (P = 0.005), base
excess (P < 0.001), and total CO, (P = 0.004). These findings demonstrate preferential use of skeletal muscle glycogen during
high-intensity interval training (HIIT), which is attenuated under conditions of CHO feeding. This sparing effect is, however, not
evident with the coingestion of a caffeine-containing multi-ingredient blend, potentially due to an increased capacity to sustain
higher power outputs resulting in greater glycogen utilization.

NEW & NOTEWORTHY Using "*C MRS, we provide data demonstrating preferential use of skeletal muscle glycogen during HIIT.
Furthermore, data show muscle glycogen utilization is attenuated with CHO feeding, yet sparing is not evident when coingesting
a caffeine-containing formulation, potentially reflecting increased capacity to perform more total work rather than a direct meta-
bolic effect of caffeine. In contrast, liver glycogen utilization was not significantly different with CHO feeding despite a modest
reduction of ~5 g versus placebo.

Bc magnetic resonance spectroscopy; exercise; glycogen; HIIT; liver

INTRODUCTION

Both muscle and liver glycogen provide important sub-
strates for energy production during prolonged moderate-to-
high intensity endurance exercise. Although these stores
only represent <5% of total energy stored, muscle glycogen
contributes >50% toward total energy requirements during
moderate-to-high intensity exercise (1, 2). Despite its compa-
ratively limited capacity, liver glycogen plays an essential
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role in the maintenance of euglycemia and rates of whole
body carbohydrate (CHO) oxidation, accounting for ~18% of
total energy expenditure (2, 3). Moreover, the contribution
of liver glycogen toward energy expenditure appears to
increase during the latter stages of prolonged exercise once
muscle glycogen becomes depleted, whereby liver-derived
glucose can almost exclusively sustain the high rates of
CHO oxidation needed to maintain exercise intensity (4).
Accordingly, endogenous glucose production (EGP) has been
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shown to progressively increase during prolonged endur-
ance exercise (5, 6), reflecting the increasing reliance on liver
glycogen to maintain energy production.

Alongside both muscle and liver glycogen, exogenous
CHO provides an alternative fuel source during prolonged
exercise, allowing for the maintenance of blood glucose con-
centrations and rates of whole body CHO oxidation (4),
thereby delaying the crossover point where fat becomes the
predominant fuel (7, 8). In this way, CHO feeding during
exercise attenuates the oxidation of endogenous CHO stores
(9). Although this effect appears to be predominantly related
to the liver, given that EGP can be completely suppressed
with rates of CHO ingestion of 175 g-h ™ (3), muscle glycogen
sparing may also contribute to a lesser extent (10). To date,
only one study has directly quantified the impact of CHO
feeding on liver glycogen utilization in response to pro-
longed endurance exercise using *C magnetic resonance
spectroscopy (MRS), demonstrating the exercise-induced
decline in liver glycogen content is abolished when CHO is
ingested at a rate of 102 g-h~! (11). Thus, it remains unclear
whether such sparing effects are maintained during more
strenuous training protocols where metabolic demands are
further increased.

Despite the clear physiological importance of liver glyco-
gen during exercise, much of our understanding of its
metabolism is based on steady-state endurance exercise,
largely due to methodological constraints of using stable iso-
tope tracers to assess EGP during high-intensity intermittent
exercise and a lack of accessibility to directly measure liver
glycogen content. Consequently, little is known about liver
glycogen utilization during high-intensity interval training
(HIIT), despite its growing popularity, perceived enjoyment
and substantial contribution to endurance athletes’ overall
training volume in recent decades (12-14). However, the use
of 13C MRS now permits the direct noninvasive measurement
of liver glycogen content, allowing for the assessment of its
utilization in response to high-intensity exercise. Although
not interval-based, some evidence does suggest that CHO
feeding during higher-intensity steady-state exercise (80%
Vozpeak) also attenuates EGP, yet the rate of glucose appear-
ance from the gut may be insufficient to fully suppress EGP
at such intensities (6). This attenuated suppression may
stem from a combination of reduced gastric emptying rates
at high intensities and a potent sympathoadrenal “feed-for-
ward” drive (i.e., circulating catecholamines) for hepatic gly-
cogenolysis, effectively overriding the inhibitory feedback
signals usually provided by pancreatic hormones (i.e., insu-
lin and glucagon) and blood glucose (6). Furthermore, given
that only 26% of ingested CHO has been reported to reach
systemic circulation during exercise (6), it is feasible that
some may undergo first-pass hepatic uptake, potentially
contributing to hepatic glycogen resynthesis during exercise.
Together, these observations suggest that CHO ingestion
during high-intensity interval exercise may attenuate the
decline in liver glycogen (via reduced EGP or rapid resynthe-
sis from first-pass uptake), yet this hypothesis has not been
directly tested.

In addition to CHO, caffeine is also widely recognized for
its ergogenic properties during exercise (15-17) and is often
consumed as part of multi-ingredient formulations with pur-
ported ergogenic properties targeted to enhance exercise
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performance and selected components of cognitive function.
Caffeine ingestion [3-9 mg-kg~! body mass (BM)] can also
increase circulating concentrations of adrenaline during
exercise, particularly at higher doses (18, 19), which may sub-
sequently alter hepatic glucose output. Indeed, previous
studies have shown physiological adrenaline infusion
(resulting in plasma adrenaline concentrations below those
observed in response to caffeine intake) can modestly
increase EGP during low-intensity exercise (20), reflective of
accelerated liver glycogenolysis. These findings raise the
possibility that caffeine-induced changes in catecholamine
concentrations could potentially influence liver glycogen
utilization during high-intensity exercise, warranting further
investigation. Furthermore, given the effects of caffeine on
self-selected power output during HIIT (16), it is also possible
that the coingestion of caffeine may accelerate muscle glyco-
gen use.

Accordingly, the primary aim of the present study was to
assess liver and muscle glycogen utilization during a pro-
longed bout of high-intensity interval cycling using noninva-
sive 3C MRS. To evaluate the effects of exogenous CHO on
both liver and muscle glycogen utilization, participants also
completed a separate trial in conditions of CHO feeding.
Finally, considering the potential for caffeine to enhance
high-intensity exercise performance and alter endogenous
glycogen metabolism, participants completed an additional
CHO feeding trial that included a caffeine-containing multi-
ingredient formulation. This experimental prototype was
designed to reflect the proprietary formulations of supple-
mental “pre-workout” blends (21) commonly used by ath-
letes before high-intensity exercise. To achieve our aims,
nine male cyclists completed 8 x 5 min intervals at maximal
self-selected intensity with 1-min recovery periods in a
randomized crossover design. We hypothesized that 1) CHO
feeding would attenuate endogenous glycogen utilization
compared with placebo and 2) the coingestion of a caffeine-
containing multi-ingredient formulation would facilitate
higher power outputs and subsequently augment endoge-
nous glycogen utilization when compared with CHO feeding
in isolation.

METHODOLOGY
Ethical Approval

Before participation, all participants were fully informed
of the experimental procedures and potential risks associated
with the study before providing written informed consent.
All trials were conducted at the Manchester Metropolitan
University Institute of Sport (Manchester, UK) following
approval from the Faculty of Science and Engineering
Research Ethics and Governance Committee (EthOS ID:
70456) in accordance with the latest revision of the
Declaration of Helsinki (apart from registration in a pub-
licly accessible database).

Participants

Nine amateur male cyclists (means = SD: age 29+8 yr;
body mass 77.2 £14.1 kg; stature 180.5+ 8.2 cm) volunteered
to participate in the study. Mean maximal oxygen consump-
tion (Voumax) and peak power output (PPO) were 54.6 +10.2
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mL-kg ' min~' and 323+50 W, respectively. Participants

were defined as trained (tier 2) in accordance with the crite-
ria specified by McKay et al. (22). Sample size was deter-
mined a priori and utilized previous liver glycogen data by
Gongzalez et al. (11). Based on this data, the expected effect
size was calculated from the difference in liver glycogen
utilization (per hour) with the ingestion of CHO (-6.7*
31.7 mmol-L™Y) versus placebo (57.0 = 42.2 mmol-LY). These
data provide an effect size of f = 0.661 (converted from
Cohen’s d, = 1.32), deeming a sample size of seven partici-
pants sufficient to provide statistical power above 0.90 with
an a-level of 0.05. This calculation is based on an F test for
repeated-measures ANOVA (within factors) with one
group (reflecting the repeated-measures design), three
measurements (corresponding to the 3 experimental treat-
ments), a correlation among repeated measures of 0.5, and
a nonsphericity correction (¢) of 1.0 (G*Power, version .3.1,
Dtusseldorf, Germany).

Experimental Overview

In a repeated-measures, counterbalanced, randomized
crossover design, participants completed a bout of high-
intensity interval exercise (8 x 5-min repetitions at maxi-
mal self-selected intensity with 1-min recovery) while
ingesting gels as either placebo (PLA), 60 g maltodextrin
(CHO), or a multi-ingredient formulation of maltodextrin
(60 g) with caffeine, L-theanine, L-citrulline, taurine, and
citicoline (CHO "), before and during exercise in a double-
blind manner. 'H magnetic resonance imaging (MRI) and
13C spectroscopy (MRS) were acquired immediately pre-
and postexercise to establish liver volume and both liver
and muscle glycogen concentrations. Blood samples were
obtained during each recovery period, and expired gas was
collected during intervals 2, 4, 6, and 8. Participants also
completed a series of computerized cognitive assessments
pre- and postexercise to assess various components of cog-
nitive function. Each experimental trial commenced after
24 h of standardized dietary intake. Figure 1 provides an
overview of the experimental design.

Preliminary Testing

At least 1 wk before the first experimental trial, partici-
pants completed an incremental test on an electromag-
netically braked cycle ergometer (Lode Excalibur Sport,
Lode BV, Groningen, The Netherlands) to determine maxi-
mal oxygen uptake and PPO. In brief, participants com-
menced the test with a 5-min warm-up at 100 W before
starting the incremental cycling test at 150 W, which
increased by 25 W every 2.5 min until exhaustion. Vosmax
was established from the highest average 30-s period of
oxygen consumption captured (Vyntus CPX Vyaire
Medical GmbH, Hochberg, Germany). The final power out-
put and time at exhaustion enabled PPO to be calculated
with the following equation (23).

PPO = Wy, + (#/150) x PI,
where W, is the final power output, ¢ is the time spent in
the final uncompleted stage (seconds), 150 is the duration of

each stage (seconds), and PI is the increase in power output
(W) between stages.
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Familiarization

After completing the maximal test, participants rested for
~20 min before undertaking familiarization to both the cog-
nitive assessment testing battery and the high-intensity
interval session. During familiarization, participants were
instructed to select the highest power output they believed
they could sustain for 8 x 5 min work bouts. In circumstan-
ces where participants failed to repeatedly produce power
outputs >70% PPO, they were required to return to the labo-
ratory to undertake a further familiarization trial until the
principal investigator deemed the participant capable of
reproducing consistent power outputs during the subse-
quent experimental trials. In addition, participants were
fully familiarized with all cognitive assessment tasks.

Preexperimental Controls

Participants were provided with a prepackaged standar-
dized diet (3 meals, snacks, and drinks), consisting of
8 g'kg ! carbohydrate, 2 g-kg ! protein, and 0.7 g-kg ! fat to
consume 24 h before each experimental trial. Participants
were also asked to refrain from alcohol, caffeine, and physi-
cal activity during this 24-h period to ensure appropriate
standardization between trials.

Experimental Protocol

Participants reported to the laboratory at 08:00 following a
12-h overnight fast and underwent baseline MRI and MRS meas-
urements to establish liver volume and both liver and muscle
glycogen concentrations (see Acquisition and Measurement of
Liver and Muscle Glycogen Concentrations for more details).
Following scans, participants completed a computerized cogni-
tive assessment battery (see Cognitive Testing Battery for more
details) before an indwelling cannula (BD Nexiva closed IV cath-
eter system; Becton Dickinson Infusion Therapy Systems Inc.,
Utah) was inserted into the antecubital vein, and a resting blood
sample was collected. After the collection of resting measures,
participants ingested one of three nutritional treatments (see
Nutritional Treatments for more details) immediately before
commencing a 10-min standardized warm-up. Immediately
afterward, participants completed 8 x 5-min repetitions at max-
imal self-selected intensity on an electronically braked cycle
ergometer, interspersed with standardized 1-min recovery peri-
ods at 80 W between repetitions. The ergometer was set to linear
mode (linear factor = power/rpm?), with the linear factor
adjusted to elicit 80% PPO at the participants’ preferred
cadence, in accordance with previous literature using this
model (16, 24). Power output, cadence, and heart rate were
monitored continuously throughout exercise, whereas rating of
perceived exertion (RPE) (25) was recorded, and a venous blood
sample was collected at the completion of each interval.
Expired gas was collected for a period of 2.5 min during intervals
2,4, 6, and 8. Throughout the trials, participants received no
external feedback or motivational cues beyond the display of
elapsed time during each interval and the number of intervals
remaining and were cooled with a floor fan to minimize thermal
stress. All exercise trials were performed at the same time of day
and under normal laboratory conditions (18.6 +1.5°C; 42 8%
humidity). Following exercise, participants completed the
computerized cognitive assessment battery before repeat-
ing MRI and MRS measurements.

AJP-Endocrinol Metab + doi:10.1152/ajpendo.00139.2026
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Figure 1. Schematic overview of the
experimental protocol for each trial.
Following 24 h of dietary standardiza-
tion, participants arrived fasted for a pre-
exercise MRS/MRI scan, followed by a
battery of cognitive assessments (Stroop,
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Nutritional Treatments

Immediately before commencing the 10-min warm-up,
participants ingested a 50-mL gel containing either pla-
cebo (PLA; water, gellan gum, xanthan gum, sucralose,
and flavorings), 30 g maltodextrin (CHO), or 30 g malto-
dextrin plus 150 mg caffeine, 330 mg L-theanine, 1 g tau-
rine, 3 g L-citrulline, and 250 mg citicoline (CHO ™). The
CHO " gel was developed as an experimental prototype to
reflect the ingredient profile of commercially available caf-
feine-containing multi-ingredient formulations used by
athletes before high-intensity exercise (21). Total CHO
intake equated to ~60 g-h~%. All gels were developed in a
commercial laboratory to ensure appropriate matching of
flavor and texture and were packaged in opaque foils to
ensure double blinding of treatments. Following the com-
pletion of two high-intensity intervals (i.e., during the
1-min recovery period), participants ingested another 50
mL gel. Ad libitum water intake in the initial trial was
recorded and replicated in all subsequent trials.

Acquisition and Measurement of Liver and Muscle
Glycogen Concentrations

Glycogen concentrations were determined from the nat-
ural abundance signal of the C-1 carbon of glycogen at a
chemical shift of ~100 ppm using a Siemens MAGNETOM
Vida 3T MR system (Siemens Healthcare GmbH, Erlangen,
Germany). A dual-channel *H/*3C transmit-receive flexible
surface coil (01365; Rapid Biomedical GmbH, Rimpar,
Germany) was positioned over the right lobe of the liver
for liver glycogen measurements and the widest part of the
vastus lateralis muscle for muscle glycogen assessment.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00139.2026

Automated shimming was used to ensure magnetic field
uniformity over the active coil volume, whereas the B, pro-
file of the '3C surface coil localized the MR signal to the
targeted tissue. Scout images were acquired to confirm
reproducible coil placement across measurements. >C
magnetic resonance spectroscopy (MRS) was acquired
using a standard pulse-acquire sequence. For liver meas-
urements, the sequence was ‘H coupled (TR 200 ms, TE
0.18 ms, bandwidth 8,000 Hz, 4,096 averages, and spectral
points 2,048), whereas muscle data were acquired with
partial *H decoupling to improve spectral resolution while
minimizing SAR and hardware demands [repetition time
(TR) 610 ms, TE 0.18 ms, bandwidth 8,000 Hz, 2,048 aver-
ages, and spectral points 2,048]. This simple pulse-
acquired sequence was selected to maintain compatibility
across different MR systems, with the spectral window
centered on the glycogen C-1 resonance (~100 ppm). Data
acquisition times were ~13 min for the liver and 20 min for
the muscle.

Spectra were processed in MATLAB (R2024a; The
MathWorks, Natick, MA) and fitted with Gaussian functions
using nonlinear least squares to quantify the glycogen C-1
peak. Absolute concentrations were derived by normalizing
the area under the curve to a 50-mM acetate fiducial and a
100-mM glycogen phantom, expressed as mM glycosyl
units, and used to calculate total liver glycogen from indi-
vidual liver volume. For additional methodological details,
please refer to Hannon et al. (26).

Measurement of Liver Volume

Liver volume was assessed using *H MRI scans as previ-
ously described (26). A Siemens Spine 32 and Body 18 array
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coil was used to acquire high-resolution three-dimensional
(3-D) T;-weighted axial and T,-weighted coronal images of
the liver. Liver scans were collected during breath holds in
the inhalation phase. Volumetric segmentation of the liver
was performed using 3-D Slicer software with an artificial
intelligence-based tool (TotalSegmentator) for precise vol-
ume extraction. The intraindividual coefficient of varia-
tion of duplicate liver volume measurements using
TotalSegmentator was 1.5%.

Calculation of Liver Glycogen Content

Total liver glycogen content (LGC) was calculated from

the following equation:
162 x Vi, x [Glyc]

where 162 represents the molar mass of a glycosyl unit
(g'mol™), V is liver volume (L), and Glyc is glycogen con-
centration (mM). Although glycogen concentrations are pre-
sented as mmol of glycosyl units [previously described by
Hannon et al. (26)], LGC represents the total mass of glyco-
gen in grams and is irrespective of changes in glycogen parti-
cle size.

Blood Sampling and Analysis

Venous blood samples were collected into K, EDTA and
serum separation Vacutainers (BD Biosciences, Plymouth,
UK). The K, EDTA tubes were stored on ice before centrifu-
gation at 1,500 g for 10 min at 4°C. Plasma was aliquoted and
stored at —80°C for subsequent analysis. Plasma samples
were analyzed for glucose, lactate (Randox Laboratories Ltd,
Crumlin, UK), nonesterified fatty acids (NEFA), and glycerol
(Horiba UK Ltd, Northampton, UK) using commercially
available enzymatic spectrophotometric assays. Intra-assay
coefficients of variation (CVs) were 0.5%, 0.5%, 2.2%, and
3.2% for glucose, lactate, NEFA, and glycerol, respectively.
Blood pH, bicarbonate, base excess, and total CO, in the
extracellular fluid were measured from the serum separation
Vacutainers in real-time using a portable gas analyzer
(i-STAT 1; Abbott, Illinois). Plasma adrenaline (ab287788,
Abcam, Cambridge, UK) and glucagon (Mercodia Glucagon
ELISA, Mercodia AB, Uppsala, Sweden) concentrations were
determined via ELISA Kkits, with intra-assay CVs of 6.9% and
7.5%, respectively. These assays were performed using com-
mercially available kits in duplicate according to the manu-
facturer’s instructions. Plasma caffeine and paraxanthine
concentrations were quantified via high-performance liquid
chromatography (HPLC) as previously described (27). All time
points and visits for each subject were run in a single batch to
decrease between-run variability, with a series of known
standards run at the start and end of the run, respectively.

Cognitive Testing Battery

In considering that caffeine may also exert its ergogenic
effects through central nervous system modulation, we also
assessed three core components of cognition in attentional
switching, working memory updating, and inhibitory control
as proposed in accepted models of executive functioning
(28). Participants completed the tasks on a laptop running
Inquisit v7 (Millisecond, Seattle). Participants completed a
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short practice version of each task before the main task. The
cognitive tests were completed in a randomized order to fur-
ther reduce any systematic learning or order effects.

Running Memory Span Task (Working Memory
Updating)

In this task, adapted from Morris and Jones (29), partici-
pants were presented with a randomly generated series of
letters, one at a time, for 300 ms (with an interstimulus inter-
val of 200 ms) on the screen. The length of each series varied
unpredictably between three and eight letters, and at the
end of each sequence, participants were required to recall
the most recent n letters in the correct order. For example, if
the sequence J-Q-S-R-K was shown and participants were
instructed to recall the last two letters, the correct response
would be R-K. After the sequence, a response screen
appeared displaying all possible letters, and participants
were required to select the presented letters in the correct
order. If they could not recall one or more letters, they had
the option to click “BLANK.” If they made an error and
wished to restart their response, they could press “CLEAR”
to reset their input. Thirty-six trials were completed in total,
and the running span score was the total number of letters
recalled in the correct serial position over the whole task.

Number-Letter Task (Attentional Switching)

Adapted from Miyake et al. (28), the number-letter task
requires participants to complete three blocks where they
are presented with a number-letter pair in one of four quad-
rants on a computer screen (e.g., B2). In block 1, all stimuli
are presented in the two quadrants at the top of the screen,
and participants have to respond “E” if the letter is a conso-
nant, and “I” if the letter is a vowel. In the second block, all
stimuli are presented in the bottom two quadrants, and par-
ticipants have to respond “E” if the number is even, and “T”
if the number is odd. In the third block, sequential stimuli
travel clockwise around the screen, and participants have to
internally switch between making a letter judgment (top 2
quadrants) or a number judgment (bottom 2 quadrants)
every two trials. The switch cost (the additional time it takes
the brain to switch between making the 2 types of judgment)
is calculated by subtracting the average time taken for blocks
1and 2 from the total time taken for block 3.

Stroop Task (Inhibitory Control)

The Stroop task (30) is a widely used method for examin-
ing selective attention and response inhibition. In this
computerized color-word Stroop test, participants were
presented either the word “RED,” “GREEN,” “BLUE,” or
“BLACK” in either red, green, blue, or black font. In congru-
ent trials, the ink matched the word (e.g., GREEN in green
ink), and in incongruent trials, the word was printed in dif-
ferent colored ink (e.g., GREEN in red ink). Participants were
instructed to state the color and not read the word in every
trial; thus, incongruent trials were more difficult as they
required inhibition of the automatic response to read the
word. Participants responded by clicking a corresponding
key on the keyboard for each color. In addition to the con-
gruent and incongruent trials, control trials were included
where a colored rectangle appeared on the screen and
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Downloaded from journals.physiology.org/journal/ajpendo (081.102.142.148) on September 21, 2026.


https://doi.org/10.1152/ajpendo.00139.2026

Q) HIT AND GLYCOGEN UTILIZATION

participants had to press the corresponding color key. In
total, seven trials for each color in each condition were
implemented (7 x 4 x 3=84 trials). The dependent measures
were the proportion correct and the difference in reaction
time between the congruent and incongruent trials (ms).

Statistical Analysis

All statistical analyses were performed using SPSS
Statistics version 29 (IBM). For outcomes with randomly
missing datapoints (metabolic and hormonal responses and
heart rate), linear mixed-effects models were used, with two
models fitted for each outcome: 1) a model including a ran-
dom intercept, and 2) a model including both a random
intercept and a random slope for time. The optimal model
for each outcome was selected based on the lowest Akaike
information criterion (AIC) and Bayesian information crite-
rion (BIC). Fixed effects included treatment, time, and treat-
ment x time interaction to analyze differences over time
(e.g., intervals) and between treatments. For outcomes with
complete datasets (muscle and liver glycogen, cognitive out-
comes, power output, respiratory outcomes, and RPE),
repeated-measures ANOVA was used. Power output and oxy-
gen consumption during exercise were categorized into early
(i.e., intervals 1-4) and late (i.e., intervals 5-8) intervals to
increase the resolution of these outcomes over time in
accordance with the hypothesized increase in plasma caf-
feine during the late phase of exercise. Pairwise comparisons
were analyzed using post hoc least significant difference
(LSD) tests to locate specific differences (31) where a signifi-
cant main effect or interaction was observed. Data in text
and figures are presented as raw means + SD with P values <
0.05 indicating statistical significance.

RESULTS

Effects of CHO and Caffeine Availability on Liver and
Muscle Glycogen Use during HIIT

Muscle and liver glycogen concentrations and liver gly-
cogen content are presented in Fig. 2, A-F. Muscle glyco-
gen concentrations were significantly reduced following
exercise (time effect, P < 0.001) and displayed a different
pattern of utilization between conditions (interaction
effect, P = 0.007). Specifically, muscle glycogen utilization
was significantly lower in the CHO trial when compared
with the PLA trial (P = 0.006) with no differences between
CHO* and PLA (P = 0.073) or between CHO and CHO "
(P = 0.120) trials (Fig. 2B). Liver glycogen concentrations
and content were also significantly reduced following
exercise (time effect, P = 0.002 and P < 0.001, respec-
tively) but demonstrated a similar pattern of utilization
between conditions (interaction effect, P = 0.147 and P =
0.075, respectively) (Fig. 2, C and E). Liver glycogen con-
centration and content utilization (Fig. 2, D and F) showed
no significant difference between trials (P = 0.150 and P =
0.101, respectively). Liver volume was also significantly
reduced following exercise (time effect, P < 0.001),
although the magnitude of decline was not significantly
different between treatments (interaction effect, P =
0.233). Taken together, these data demonstrate that CHO
feeding spares muscle glycogen utilization during HIIT,
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though this sparing effect was not evident when CHO was
coingested with a caffeine-containing multi-ingredient
formulation.

Effects of CHO and Caffeine Availability on Self-
Selected Exercise Intensity and Performance during
HIIT

In accordance with the lack of a glycogen-sparing effect
in the CHO™" trial, we also observed changes in self-
selected exercise intensity. Indeed, although power output
was not significantly different between trials during the
early intervals (1-4; treatment effect, P = 0.639) (Fig. 3A), a
significant main effect of treatment (P = 0.021) was
observed during the late intervals (5-8) (Fig. 3B).
Specifically, power output was significantly higher in the
CHO * trial when compared with the PLA (P = 0.046; 2.8%
improvement) and CHO trials (P = 0.046; 3.8% improve-
ment). Similarly, when expressed as % PPO, power output
during the early intervals was not significantly different
between treatments (P = 0.685), whereas during the late
intervals, % PPO was significantly higher (treatment effect,
P = 0.019) in the CHO " trial when compared with both
PLA and CHO trials (P = 0.045 and P = 0.042, respectively)
(Fig. 3, Cand D).

Physiological Responses to HIIT

Both heart rate and RPE increased during exercise (time
effect, P < 0.001 and P = 0.007, respectively) but were not
significantly different between trials (treatment effect, P =
0.413 and P = 0.245, respectively; interaction, P = 0.277 and
P = 0.633, respectively). There was no difference in Vo,
between treatments (treatment effect, P = 0.288), during the
early intervals. However, there was a significant difference
between trials during the late intervals (P < 0.001), whereby
Vo, was significantly higher in the CHO* trial compared
with the PLA (P = 0.001) and CHO (P = 0.003) trials (Fig. 3E).
Accordingly, exercise intensity expressed as %V o,max did not
differ between treatments during the early intervals (treat-
ment effect, P = 0.554). However, a significant treatment
effect was observed during the late intervals (P < 0.001),
whereby %Vo,max Was significantly higher in the CHO ™ trial
compared with both PLA (P = 0.003) and CHO (P < 0.001)
trials (Fig. 3, G and H). Finally, Vco, showed no difference
between trials (treatment effect, P = 0.287) during the early
intervals, whereas during the late intervals, there was a sig-
nificant main effect of treatment (P = 0.005), whereby Vco,
was significantly higher in CHO * when compared with PLA
and CHO (P = 0.025 and P = 0.012). Taken together, these
data demonstrate that CHO ™ improved exercise perform-
ance in the late intervals during HIIT, with greater power
output and oxygen uptake compared to PLA and CHO
trials.

Effects of CHO and Caffeine Availability on Circulating
Metabolites and Hormonal Responses to HIIT

To explore the potential mechanisms underlying the per-
formance benefits observed in response to CHO and caffeine
coingestion, a comparison of circulating metabolic metabo-
lites, hormones, and caffeine concentrations are presented
in Figs. 4, 5, 6, and 7.
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Figure 2. Quadriceps muscle (4) and liver (C) glycogen concentrations and liver glycogen content (E) in response to PLA, CHO, and CHO ™ trials pre-
and postexercise. Glycogen utilization in quadriceps muscle (B) and liver, expressed as both concentrations (D) and total content (F). n = 9. *Time effect;
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Metabolic Responses

Plasma glucose, lactate, and glycerol concentrations all
progressively increased during exercise (time effect, P <
0.001 for all) (Fig. 4, A, B, and D, respectively). Although
plasma glucose and glycerol concentrations did not display
any significant differences between trials (treatment effect
for glucose, P = 0.175 and glycerol, P = 0.901) or interaction
0.826 and P = 0.898,

effects (interaction effect P =
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Figure 3. Mean power output, % peak
power output, Voo, and %Voomax during
both early (4, C, E, and G) and late (B, D, F,
and H) intervals in response to PLA, CHO,
and CHO " trials. n = 9 for power output;
n = 8 for Vo, due to technical issues with
the metabolic cart. °CHO ™ and PLA signif-
icantly different; PCHO * and CHO signifi-
cantly different. CHO, carbohydrate; PLA,
placebo; PPO, peak power output.

respectively), plasma lactate was significantly lower (treat-
ment effect, P = 0.010) in the CHO trial when compared with
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the CHO" (P = 0.003) and PLA trials (P = 0.017) with no
interaction (P = 0.639) (Fig. 4B). Plasma NEFA concentra-
tions were reduced at the onset of exercise and remained
below resting values throughout the duration of exercise
(time effect, P < 0.001) but did not display any significant
differences between trials (treatment effect, P = 0.690) or
interaction (P = 1.000) (Fig. 4C).
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Blood bicarbonate (time effect, P < 0.001), base excess
(time effect, P < 0.001), blood pH (time effect, P = 0.042),
and total CO, (time effect, P < 0.001), all reduced during
exercise (Fig. 5, A-D). A significant main effect of treatment
was observed for blood bicarbonate (treatment effect, P =
0.016) whereby concentrations in the CHO * trial were sig-
nificantly lower when compared with CHO (P = 0.005) but
not PLA (P = 0.067) (Fig. 5A). A significant time x treatment
interaction was observed for base excess (interaction effect,
P =0.020), indicating that the reduction in base excess dur-
ing exercise differed between treatments. Indeed, base
excess was significantly lower in the CHO ™ trial compared
with the CHO trial after intervals 6 (P = 0.017) and 8 (P <
0.001) and compared with the PLA trial after interval 8 (P =
0.001). In addition, base excess was significantly lower in the
PLA trial when compared with CHO trial at interval 6 (P =
0.026) (Fig. 5B). A significant main effect of treatment was
also observed for total blood CO, (treatment effect, P =
0.012) whereby total blood CO, concentrations were signifi-
cantly lower in the CHO " trial when compared with both
PLA (P = 0.049) and CHO (P = 0.004) trials, respectively
(Fig. 5D). Accordingly, a significant time x treatment inter-
action was observed for blood pH, whereby blood pH was
significantly lower in the CHO " trial when compared with
both PLA and CHO trials after the completion of interval 8
(P=0.011 and P = 0.003) (Fig. 5C).

Hormonal Responses

Plasma glucagon and adrenaline concentrations progres-
sively increased during exercise (time effect, P = 0.004 and
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P < 0.001, respectively) (Fig. 6, A and B). A significant time x
treatment interaction was observed for plasma glucagon
(interaction effect, P = 0.003) indicating that the exercise
and feeding induced increase differed between treatments.
Indeed, glucagon concentrations were significantly higher in
the PLA trial when compared with CHO and CHO* trials
after the completion of interval 8 (both P = 0.001) (Fig. 6A).
No significant differences in plasma adrenaline were
observed between treatments (treatment effect, P = 0.460;
interaction effect, P = 0.345) (Fig. 6B).

Plasma Caffeine Responses

Mean total caffeine intake was 3.85 mg-kg~! body mass
(BM), ranging between 3.20 and 6.24 mg-kg ! BM. A signifi-
cant time x treatment interaction was observed for plasma
caffeine (interaction effect, P < 0.001) whereby concentra-
tions were significantly higher in the CHO " trial when com-
pared with PLA and CHO trials at both interval 4 and
interval 8 (P < 0.001 for all comparisons) (Fig. 7A). A signifi-
cant time x treatment interaction was also observed for
plasma paraxanthine (interaction effect, P < 0.001) whereby
concentrations were significantly higher in the CHO ™ trial
when compared with PLA and CHO at interval 8 (P = 0.002
for both) (Fig. 7B).

Effects of CHO and Caffeine Availability on Cognitive
Function

Cognitive responses to the cognitive testing battery are
displayed in Fig. 8, A-D. The number of correct responses
during the Stroop task was not significantly different
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between conditions (treatment effect, P = 0.101) but was effect revealed that, irrespective of time point, switch cost
across time (time effect, P = 0.039) (Fig. 8A). Stroop test reac-  was significantly lower (indicating superior task-switching
tion time was also faster postexercise (time effect, P=0.024) performance) in the CHO ™" trial when compared with CHO
and demonstrated a trend toward a significant time x treat- (P = 0.011). There were no significant differences observed
ment interaction (interaction effect, P = 0.080). Although between PLA and CHO " (P = 0.545) or CHO (P = 0.094) tri-
the interaction did not reach statistical significance, forced als (Fig. 8C). Span score during the Running Memory task
exploratory post hoc analysis demonstrated that postexer- was not significantly different between conditions (treat-
cise reaction time was significantly faster with CHO ™ when ment effect, P = 0.840) or time points (time effect, P =
compared with PLA (P = 0.029) (Fig. 8B). Switch cost during  0.400) (Fig. 8D).

the number-letter task was also significantly lower postexer-

cise (time effect, P = 0.029) and differed between treatments DISCUSSION

(treatment effect, P = 0.028) but the change from baseline

was not significantly different between treatments (interac- Using noninvasive *C magnetic resonance spectroscopy,
tion effect, P = 0.104). Post hoc analysis for the treatment we provide the first report to simultaneously characterize
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Figure 7. Plasma caffeine (A) and paraxan-
thine (B) concentrations in response to
high-intensity interval exercise. n = 9,
except for the CHO trial where n = 8 due
to failed cannulation. *Time effect; *CHO ™
and CHO significantly different; "CHO +
and PLA significantly different. CHO, carbo-
hydrate; PLA, placebo.
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liver and muscle glycogen utilization in response to an acute
bout of high-intensity interval training. In contrast to pro-
longed endurance exercise, these data demonstrate that liver
glycogen utilization during high-intensity exercise is rela-
tively small whereby muscle glycogen serves as the predomi-
nant energy substrate (Fig. 2). In assessing the impact of
CHO availability on substrate use, we also observed that
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CHO ingestion spares muscle glycogen utilization. However,
this effect was not evident with the coingestion of a caffeine-
containing multi-ingredient formulation, likely due to an
increased capacity to perform more total work rather than a
direct metabolic effect of caffeine. Although the pattern of
glycogen utilization observed here is specific to the chosen
exercise protocol, these data further our understanding of
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Figure 8. Proportion correct during Stroop test (4), Stroop test reaction time (B), reaction time switch cost (C), and span score (D) in response to PLA,
CHO, and CHO ™ trials pre- and postexercise. n = 9. *Time effect; °CHO " and PLA significantly different postexercise; "CHO " and CHO significantly

different. AU, arbitrary units; CHO, carbohydrate; PLA, placebo.
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the glycogen cost of high-intensity interval exercise and may
inform practical fueling strategies to promote training
intensity.

In considering the absolute glycogen cost of our chosen
exercise model, our data indicate that liver glycogen utiliza-
tion during high-intensity interval cycling is relatively small
(~12 g) in comparison to previous reports during prolonged
endurance cycling. For instance, estimations of liver glyco-
gen utilization from stable isotope infusion studies during
prolonged (up to 2 h) cycling demonstrate rates of EGP
equivalent to ~25-30 g-h~! (3, 6). Similarly, direct measure-
ments of liver glycogen using *C MRS demonstrate liver gly-
cogen utilization of 171+73 mmol-L ™! in response to 3 h of
steady-state cycling and are comparably higher than the
30 +20 mmol-L~! reduction observed across the 48 min of
exercise in the present study (11). Such discrepancies
between studies are likely underpinned by differences in
exercise intensity and duration, which are known to have
profound effects on substrate utilization during exercise (2,
32). In relation to the latter, EGP has been shown to continu-
ally rise throughout prolonged exercise (6, 33) to support the
maintenance of whole body carbohydrate oxidation in the
face of reduced muscle glycogen availability (4, 34) and
likely explains the higher utilization during prolonged exer-
cise models.

In contrast to prolonged exercise protocols, we also
observed that liver glycogen utilization was not significantly
altered by CHO feeding, despite reduced glucagonemia in
response to both CHO feeding trials (Fig. 6A). Nonetheless,
liver glycogen utilization was ~40% lower in the CHO trial,
equating to an absolute difference of ~5 g (Fig. 2, D and F),
and may represent a physiologically meaningful difference.
However, given that liver glycogen utilization in the present
study was markedly lower than previous data used for our a
priori sample size calculation (11), our ability to detect statis-
tically significant between-treatment differences may have
been limited. The apparent dissociation between lower glu-
cagon concentrations and the absence of a statistically sig-
nificant attenuation in liver glycogen use is consistent with
the notion that pancreatic hormones play a minor role in the
regulation of EGP during high-intensity exercise, where EGP
may be more closely regulated by catecholamine concentra-
tions (6). Although plasma adrenaline concentrations did
not differ between trials, the exercise-induced increase in
plasma adrenaline observed across all trials suggests that
catecholamines may still play a role in the overall regulation
of EGP under these high-intensity conditions (Fig. 6B).
Although previous studies have demonstrated CHO feeding
can reduce EGP by 50%-70% and completely prevent
declines in liver glycogen concentrations when fed at doses
of up to ~100 g-h™* (3, 33, 35), this appears to be primarily
relevant to prolonged exercise where liver glycogen utiliza-
tion is relatively high. For example, rates of EGP measured
in the aforementioned studies in the absence of CHO feeding
equate to ~25 to ~35 g-h™! (~30-45 pmol-kg *'min) and
appear comparatively higher than the total absolute glyco-
gen utilization of 12 g measured in the present study.
Although CHO feeding has been shown to reduce EGP dur-
ing short duration, high-intensity exercise (80% Voomax) (6),
rates of EGP (~30-40 pmol-kg !-min~!) were comparable
to those observed during prolonged exercise at lower
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intensities and are likely to explain such discrepancies.
Nonetheless, considering that the suppression of EGP may
be dose dependent up to ingestion rates of ~90 g-h™!, at
which point EGP becomes negligible (36), a higher CHO dose
may have produced clearer effects on liver glycogen sparing
in the present study.

In the absence of CHO feeding, our exercise protocol also
induced a ~50% decrease in skeletal muscle glycogen con-
centrations, a magnitude of utilization that is consistent
with previous reports using this exercise model in highly
trained male cyclists (24). Our data also indicate that the
magnitude of glycogen utilization is reduced with CHO feed-
ing at a rate of ~60 g-h™! and provide support to recent
meta-analysis data which demonstrate a glycogen-sparing
effect of CHO feeding (10). This effect is also consistent with
the notion that glycogen sparing observed with CHO feeding
occurs during the initial stages of exercise, when the contri-
bution of muscle glycogen to energy production is greatest.
In accordance with this, Stellingwerff et al. (37) previously
demonstrated that CHO ingestion at a rate of ~50 g-h™*
reduces muscle glycogen utilization during the first hour of
prolonged cycling (with no differences in the average rate of
glycogen use between CHO and placebo treatments during
the final 2 h of exercise). Although data on high-intensity
cycling are limited, findings from 60 min of continuous run-
ning at 70% Vo,max SUpport this notion, demonstrating mus-
cle glycogen sparing when fed CHO at a rate of 50 g-h~* (38).

The glycogen sparing effect observed with CHO feeding
may also be partly explained by a proportion of the ingested
CHO being taken up by skeletal muscle and stored as glyco-
gen during the recovery period between intervals. Indeed,
previous observations report that only ~55%-65% of glucose
clearance from the circulation [measured by rate of glucose
disappearance (Ry), using stable isotope approaches] is oxi-
dized when infused at a rate of 1 g-min "' during a 1-h cycling
time trial (39). These data suggest that some of the nonoxi-
dized glucose may be stored within inactive (or less active)
skeletal muscle, which may contribute to the glycogen spar-
ing effect observed in the present study. Indeed, the maxi-
mal self-selected intensity of the intervals in the present
study may have elicited a metabolic milieu similar to that
reported by Katz et al. (40), where rapid glycogenolysis dur-
ing maximal cycling increased glucose-6-phosphate (G6P)
concentrations sufficiently to inhibit hexokinase, thereby
limiting glucose oxidation at the phosphorylation step. This
inhibition may prevent the immediate oxidation of blood
glucose during the work bout, leading to intracellular glu-
cose accumulation. Consequently, the 1-min recovery peri-
ods in the present protocol may have provided critical
windows when metabolic demand decreased, relieving the
inhibition on hexokinase, whereas glucose availability
remained high, facilitating the diversion of surplus glucose
toward glycogen resynthesis. In support of this, muscle gly-
cogen synthesis has previously been reported during 3 h of
low-intensity exercise when glycogen concentrations are
depleted by prior exercise (41).

Despite the muscle glycogen-sparing effect of CHO feed-
ing in the present study, this sparing effect was not
evident when CHO was coingested with a caffeine-con-
taining, multi-ingredient formulation. Although caffeine
ingestion has been demonstrated to increase plasma
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adrenaline concentrations and may subsequently enhance
muscle glycogenolysis (42, 43), we observed no statistically
significant differences in plasma adrenaline concentrations
between trials (Fig. 6B). Although mean postexercise plasma
adrenaline concentrations were ~100 pg-mL~! lower in
the CHO trial compared with both PLA and CHO™ trials
(Fig. 6B), such differences are markedly smaller those
reported in previous adrenaline infusion studies shown to
increase skeletal muscle glycogenolysis (e.g., mean differen-
ces of ~250-700 pg-mL ™) (42, 43). Furthermore, given that
elevating plasma adrenaline to concentrations equivalent to
those observed in the CHO trial (~366 pg-mL~"') has been
previously shown to increase muscle glycogenolysis (42),
additional adrenaline may not further enhance muscle gly-
cogen use. Thus, the attenuation of glycogen sparing in the
CHO™ trial is unlikely to be primarily attributed to a caf-
feine-induced increase in systemic adrenergic stimulation.
Instead, the absence of a glycogen sparing effect in the
CHO™ trial may potentially be explained by the higher self-
selected power outputs achieved during the latter stages of
exercise (Fig. 3B) and are consistent with previous data from
Lane et al. (16) in response to a comparable dose of caffeine
(equivalent to 3 mg-kg™' BM). Consequently, participants
performed more total work in the CHO* trial, likely result-
ing in increased glycolytic flux, evidenced by the observed
increases in plasma lactate (Fig. 4B) and concomitant reduc-
tion in blood bicarbonate, base excess, and pH during the
latter stages of exercise (Fig. 5, A-C). Together, these data
suggest that caffeine’s effect on muscle glycogen utilization
may be indirect and mediated by the increase in power
output.

Beyond the observed physical benefits, exploratory analy-
ses suggested that CHO" may have improved aspects of
selective attention, as evidenced by faster reaction times
during the Stroop and number-letter tasks (Fig. 8, B and C).
However, given the lack of a statistically significant treat-
ment x time interaction, these findings should be interpreted
as exploratory and warrant confirmation in adequately pow-
ered studies specifically designed to examine the effects of
caffeine-containing formulations on cognitive performance.
Nonetheless, although it is inherently difficult to ascertain
the specific contributions of each individual component that
underpins the observed effects within multi-ingredient for-
mulations, our data are consistent with the well-documented
effects of caffeine on selective attention (44-46) and the
marked increase in plasma caffeine concentrations during
the latter half of the trial (Fig. 7A). Furthermore, combining
caffeine with L-theanine is known to provide additive cogni-
tive enhancing effects, whilst also reducing negative subjec-
tive mood effects of caffeine alone (47, 48). In relation to
selective attention, this combination appears to improve per-
formance by increasing the allocation of attention-related
neural resources to process target stimuli while simultane-
ously reducing such neural resources to distractor stimuli,
such as those observed in the Stroop task (49). For a cyclist,
this improvement in “inhibitory control” may have practical
relevance in the context of a high-intensity race or interval
session whereby the ability to filter out internal “noise” (e.g.,
perception of fatigue) to focus on external cues (e.g., an oppo-
nent’s breakaway or technical road positioning) may provide
a distinct competitive advantage. Moreover, faster reaction
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time is critical for safety and tactical execution, potentially
aiding in crash avoidance or more rapid responses to gear
changes and tactical maneuvers under high levels of physio-
logical stress. Although the present design is unable to deter-
mine whether the higher power output observed in the
CHO™ trial can be partly attributed to improvements in
selective attention, it could be speculated that increased allo-
cation of neural resources to the exercise task (i.e., maintain-
ing power output) and reduced neural allocation to distractor
stimuli (e.g., perception of fatigue) may provide performance
benefits.

From a practical perspective, the present data demon-
strate that the high metabolic demands of interval cycling
dictate a predominant reliance on skeletal muscle glycogen,
with a comparatively smaller contribution from hepatic gly-
cogen stores and suggest that nutritional strategies before
high-intensity interval training should prioritize high mus-
cle glycogen availability. Although the observed sparing of
muscle glycogen with CHO feeding did not enhance self-
selected training intensity, this nutritional strategy may be
of relevance for athletes who are required to complete subse-
quent training sessions in close proximity, where the time to
replete muscle glycogen is limited and/or where the glyco-
gen cost of the subsequent training session is high. In con-
sidering the well-documented effects of muscle glycogen
availability on exercise performance (50-53), the sparing of
muscle glycogen observed here would offer a metabolic
advantage by allowing subsequent exercise bouts to be com-
menced with higher glycogen availability. Although this gly-
cogen-sparing effect was not evident with the coingestion of
a caffeine-containing multi-ingredient formulation, this
strategy promoted higher power outputs during the latter
stages of exercise at a similar glycogen cost to that observed
in the placebo trial. Although these observations are specific
to the exercise model and nutritional treatments studied
here, these data may contribute to a better understanding of
the glycogen cost associated with the high workloads sus-
tained during interval cycling and inform fueling strategies
to promote training intensity.

Despite the practical relevance of our data, several limita-
tions should be acknowledged. First, as participants were
able to self-select exercise intensity, the CHO " trial resulted
in a different metabolic stimulus when compared with PLA
and CHO trials. Accordingly, between-condition differences
in glycogen utilization, circulating metabolites and hormo-
nal responses should also be interpreted in the context of the
greater total work achieved in this condition. Second,
although the CHO™ trial is representative of the caffeine-
containing multi-ingredient formulations commonly used
by athletes (21), this design does not allow the independent
effect of caffeine to be isolated from the other ingredients
without the inclusion of a caffeine-only comparator. Finally,
although the study was powered using available liver glyco-
gen data (11), those data were derived from prolonged endur-
ance exercise that displayed a larger magnitude of liver
glycogen utilization than observed in the present study. As
such, our ability to detect between-treatment differences in
liver glycogen utilization may have been limited.

In conclusion, our data provide the first report to simulta-
neously characterize liver and muscle glycogen utilization
during HIIT, demonstrating the preferential use of skeletal
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muscle glycogen toward energy production. Importantly,
our data also show that CHO ingestion spares muscle glyco-
gen utilization, yet this sparing effect is not evident when
coingested with a caffeine-containing multi-ingredient for-
mulation, in accordance with the observed increase in self-
selected exercise intensity. These findings highlight a trade-
off between preserving glycogen and maximizing training
intensity, suggesting that although CHO feeding may attenu-
ate muscle glycogen utilization, the addition of caffeine
enhances self-selected exercise intensity and subsequently
increases glycogen utilization.
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