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Abstract

This study compared the effects of a carbohydrate—electrolyte—protein solution (CEPS, 2%
protein plus 4% carbohydrate), carbohydrate—electrolyte solution (CES, 6% carbohydrate),
and noncaloric sweetened placebo (PLA) on both 21-km running performance and cognitive
function. Eleven female recreational endurance runners performed a 21-km time-trial run-
ning on three occasions, separated by at least 28 days. In a randomized cross-over design,
they ingested CEPS, CES, or PLA at a rate of 150 mL every 2.5 km with no time feedback.
A cognitive function test was performed before and after the run. Participants ingested
approximately 24 g/h carbohydrate plus 12 g/h protein in CEPS trial, and 36 g/h carbohy-
drate in CES trial during each 21-km trial. Time to complete the time-trial was slightly shorter
(P <0.05) during CES (129.6 *+ 8.8 min) than PLA (134.6 + 11.5 min), with no differences
between CEPS and the other two trials. The CEPS trial showed higher composite of visual
motor speed than the PLA trial (P < 0.05). In conclusion, CES feedings might improve 21-
km time-trial performance in female recreational runners compared with a PLA. However,
adding protein to the CES provided no additional time-trial performance benefit. CEPS feed-
ing during prolonged exercise could benefit visual motor speed compared to PLA alone, but
no differences in the performance of the other cognitive function tests were found.

Introduction

The preponderance of research on carbohydrate-electrolyte solution (CES) consumption dur-
ing endurance exercise has shown that exercise performance is improved and fatigue is delayed
compared with a noncaloric placebo (PLA) or water [1-3], likely via maintenance of euglyce-
mia and a high rate of carbohydrate (CHO) oxidation [4,5]. Because there appears to be an
upper limit to exogenous CHO oxidation mediated by absorption mechanisms [4], it has been
hypothesized that the addition of other macronutrients to a CHO drink can further improve
performance. Recently, the addition of protein (PRO) to the CES (CHO-electrolyte-PRO
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solution, CEPS) has been suggested to further improve exercise capacity compared with the
CES alone [3,6,7]. These studies utilized cycling time to exhaustion (TTE), which, although a
frequent measure of performance, has shown a poor reproducibility [8]. In contrast, the exer-
cise protocols that require a set amount of work to be completed as quickly as possibly (i.e. a
time-trial) or involve the accomplishment of the greatest amount of work in a set period of
time are closer to the competitive task and are more reproducible. Several other studies have
also assessed the impact of CEPS on time-trial performance, yet no studies reported additional
improvement in time-trial when PRO added to the CES [8-10]. However, the CEPS trial con-
tained about 20% to 37% more calories than the CES-only trial in these studies [8-10]. While a
generic effect of adding calories during prolonged exercise has been widely acknowledged,
additional calories can slow down gastric emptying, thus, could put the participants at a greater
gastrointestinal distress wherein effort may have been diminished [11]. Furthermore, partici-
pants received a high rate of CHO (60g/h) feeding during exercise in their research [8, 10]. It
has been suggested that when CHO is ingested at levels that approach the maximal rate of
exogenous glucose oxidation of approximately 60-70 g/h [5], the addition of PRO to a CES
does not further enhance performance [10]. Thus, it is necessary to investigate the effect of
CEPS consumption on exercise performance when total CHO and energy intake during exer-
cise is not so high. This would be particularly beneficial for athletes and individuals who are
concerned about caloric intake during training or potential gastrointestinal problems. Theo-
retically, the addition of PRO to the CES may facilitate faster fuel-medium transport across the
lining of the intestine [12] and result in a greater insulin response [3], which may benefit the
endurance performance. Additionally, energy matching between trials could be better to eval-
uate whether the combination of exogenous CHO and PRO would provide more benefits to
endurance exercise, compared with CHO ingestion alone. Sex-based differences in substrate
metabolism and feeding tolerance during endurance exercise have been well established. Spe-
cifically, women generally oxidize lower proportions of CHO than men, but experience more
gastrointestinal symptoms during a bout of endurance exercise [13,14]. Sex also influences
PRO oxidation during exercise, particularly of the branched chain amino acid leucine. In com-
parison to men, premenopausal women oxidize less leucine during endurance exercise [15].
Furthermore, non-oxidative leucine disposal is greater in women (reflective of whole-body
protein synthesis) during endurance exercise than in men [15]. Taken together, the findings
from sex comparative studies show that women rely to a lesser extent on CHO and PRO
sources during endurance exercise. In addition, women in the luteal phase have a lesser reli-
ance on CHO sources to fuel endurance exercise compared with women in the follicular phase
[13], re-enforcing the importance of standardizing the menstrual status in such kind of studies.
Despite the well-recognized sexual dimorphisms in physiologic responses during exercise,
there is a paucity of research examining the effects of CEPS aimed to enhance performance in
women.

There is also mounting evidence that CHO feedings can ameliorate the cognitive dysfunc-
tion that occurs following exercise [16-18]. The term “cognitive function” describes the per-
formance of objective tasks that require conscious mental effort [19]. Such tasks require
(verbal, spatial, and working) memory, attention, and executive control [20]. In many sports,
participants have to simultaneously perform physically demanding mechanical work and a
decisional or perceptual task. Altered cognitive function may affect mood, motivation, the pro-
cessing of incoming somatosensory information, perceived exertion, and the excitability of the
motor cortex, and then impaired voluntary performance during exercise [21-23]. The reduc-
tion in cognitive function following prolonged exercise are associated with some nutrition
metabolic responses, i.e., low blood glucose and high free fatty acid concentration [24,25].
CHO supplementation could potentially enhance cognitive performance by increasing
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cerebral glucose uptake and oxygen consumption [26], reducing ammonia production [24],
limiting the transport of tryptophan into the brain, and presumably 5-hydroxytryptamine syn-
thesis [25]. However, there are also studies show that CHO ingestion did not improve cogni-
tive function during endurance exercise [27,28]. These discrepancies may arise from the use of
different exercise protocols and/or CHO consumption protocols. Regardless, further study is
warranted to better clarify the role of CHO in cognitive function.

A consistent beneficial effect of PRO supplementation on cognitive function has been
observed across different populations under resting conditions [29,30]. However, to date, the
data is still limited examining the effect of PRO or CEPS ingestion during prolonged exercise
on cognitive function. This is unfortunate because endurance performance may be affected by
decreased cognitive function when athletes are tired.

Therefore, the purpose of this study was to investigate whether the CEPS would improve
running performance and cognitive function, as compared with a CES and a PLA in female
recreational marathon runners. We hypothesized that CEPS feeding would improve the
endurance performance and attenuate the expected reductions in cognitive performance
induced by prolonged exercise compared with a CES-only drinks and a PLA.

Materials and methods
Participants

Eleven female recreational runners (age: 32.4 + 6.7 years, body mass index: 21.0 + 2.1 kg/m?,
and maximal oxygen uptake (VO,.y): 49.0 £ 6.6 mL/kg/min; mean + SD) volunteered to par-
ticipate in this study. Inclusion criteria for the study included a self-reported weekly running
frequency > 3 days/week over the preceding 2 months and all participants had at least one
marathon race experience. The purpose and potential risks of the experiment were explained
to them before participation. They all signed a written consent form and completed a men-
strual cycle questionnaire to determine the length of their menstrual cycle. The present study
was approved by the Ethics Committee of The Education University of Hong Kong.

Study design

All participants performed three main experimental trials in a randomized, double-blinded,
counterbalanced manner, at intervals of at least 28 days. In each main trial, participants con-
sumed one of three solutions, namely the CES (6% CHO), CEPS (4% CHO + 2% PRO), and
PLA, at a rate of 150 mL every 2.5 km during a 21-km time-trial run. The running perfor-
mance and cognitive function were recorded after the run.

Preliminary tests

Before the main experimental trials, all participants reported to the laboratory for the assess-
ment of their VO,,,., and for familiarization with the exercise protocol. They completed a
series of preliminary tests to determine the following: 1) the relationship between oxygen
uptake (VO,) and submaximal running speed through a 16-min incremental test on a level
treadmill and 2) the VO,,,.x through an uphill incremental treadmill running test to volitional
exhaustion, as described by Williams et al [31]. On the basis of the two preliminary test results,
a running speed equivalent to 70% of each participant’s VO,,.x was determined. Thereafter,
participants completed a familiarization trial to confirm the running speeds equivalent to 70%
of the individual VO,,,,. This speed was used in the first 5 km of the 21-km main trials. All
participants were also instructed to complete three cognitive function tests to become familiar
with the test battery and to minimize the learning effect before the main trials.
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Physical activity, nutrition, and menstrual status control

All participants were instructed to maintain their aerobic exercise as regularly as possible for
the duration of the experiment in order to minimize variance in physical condition among
trials. For 48 h before each main experiment trial, the participants were asked not to perform
strenuous and unaccustomed physical activities. Participants were also instructed to record
their food and drink consumption for 48 h before the first main trial and repeat the same
diet before each subsequent trial, as well as to refrain from alcohol or caffeine consumption
24 h before main trial. In addition, all participants completed three main experimental

trials at intervals of at least 28 days to standardize the menstrual cycle phase; the trials were
usually finished within 10 days after menses ended. To offset any potential effects, each
experiment was conducted at the same time of the day (e.g., 9:00 am, 12:00 pm, or 2:00 pm).
The participants were instructed to consume at least 500 mL of water 2 h before arriving at
the laboratory to ensure that they were normally hydrated before the main trials. Constant
temperature (22°C) and relatively humidity (60%) were maintained throughout the experi-
ment by a thermostat.

Experimental trials

Upon arriving at the laboratory, participants assumed a seated position and rested for 30 min.
After baseline data collected, a standardized 5-min warm-up was performed at 6 km/h. Then,
the speed of the treadmill was immediately increased to the intensity of 70% of the individual
VO,max until participants completed the first 5 km. Thereafter, the participants ran at whatever
speed they wished for the remaining 16 km of the performance run [32]. They could freely
alter the speed of the treadmill at any time throughout the trials by using two buttons on the
treadmill. To ensure maximal effort during the run, all participants received constant verbal
encouragement. The only feedback that participants received during the time-trial was dis-
tance covered, which was displaced in the corner of the treadmill screen. Every 2.5 km
throughout the run, 150 mL of one of the three solutions was randomly provided to the partic-
ipants in an opaque cup covered by a lid, and participants commenced drinking from the
onset of the time-trial. Both the participant and the investigator were blind to the contents of
the solutions. The three solutions were formulated according to Aquarius (Coca-Cola, HK),
and they contained the same electrolyte profile and were similarly flavored. The only differ-
ence among the three beverages was that the CES contained 6% CHO in the form of sucrose,
CEPS contained 4% CHO plus 2% whey PRO (bcshop, HK), and PLA was a noncaloric artifi-
cially sweetened solution. The total energy was matched between the CES and CEPS (Table 1).

Table 1. Composition of experiment beverages.

Supplements

Ingredient (per 100 mL) CEPS CES PLA
Carbohydrate (g) 4 6 0
Protein (g) 2 0 0
Sodium (mg) 30 30 30
Potassium (mg) 7 7 7
Magnesium (mg) 1.1 1.1 1.1
Calcium (mg) 0.7 0.7 0.7
Kilocalories 24 24 0

CEPS: carbohydrate-electrolyte-protein solution; CES: carbohydrate-electrolyte solution; PLA: placebo.

https://doi.org/10.1371/journal.pone.0185982.t001
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Fig 1. Schematic representation of experimental protocol.
https://doi.org/10.1371/journal.pone.0185982.9001

In the CES trial, the CHO ingestion rate was ~36g/h, whereas in CEPS trial, the CHO and
PRO ingestion rates were ~24g/h and ~12g/h, separately.

Data collection and sample analysis

Data collection procedures are illustrated in Fig 1. The body mass (in underwear only) was
measured to the nearest 0.1 kg before and after exercise using a weighing machine (Body
Weight Precisa, DPS-Promatic, Forli, Italy). The VO,, carbon dioxide production (VCO,),
and respiratory exchange rate (RER) were measured every 5 km throughout the exercise proto-
col by using a metabolic cart system (Cortex Metalyzer II-R, CORTEX, Germany). The heart
rate (HR) was continuously recorded during the running using a Polar HR monitor (Polar-
Team System, Polar Electroy, Finland). Subjective measures, such as a subjective rating of per-
ceived exertion (RPE), perceived thirst (PT), and abdominal discomfort (AD), were recorded
just before the gas collection. The RPE was measured using the Borg scale ranging from 6 to 20
[33], and the PT and AD varied from 0 to 10, where 0 denoted “not so much” and 10 denoted
“very much” [32]. Capillary blood samples were collected to determine the blood lactate and
glucose levels using YSI 1500 (Yellow Spring Instrument Co. Ltd., USA) and a biochemical
analyzer (Roche®™ ACCU-CHEK Reflotron plus, USA), respectively. Urine samples were col-
lected before and after each main experimental trial to measure the urine specific gravity
(USG; Atago UG-alpha, Atago Co. Ltd., Tokyo, Japan).

Cognitive function tests

A battery of cognitive function tests (imPACT Package, inPACT Application, Inc., Australia)
[34] was used to provide information on various cognitive parameters before and after exer-
cise. Completion of the entire battery required approximately 20 min. The imPACT battery
comprises six tasks—word memory learning, design memory learning, Xs and Os, symbol
match, color match, and three letters—which yield the following composite scores: verbal
memory, visual memory, visual motor speed, reaction time, and impulse control. The cogni-
tive efficiency index measured the interaction between accuracy (percentage correct) and
speed (reaction time) in seconds through the symbol match test. A high score indicated that
the participants had done well in both the speed and memory domains of the symbol match
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test. A low score indicated that the participants had performed poorly in both the speed

and accuracy components. In addition, the symptom section included 22 symptoms such as
headache, sadness, and fatigue. This symptom score presented the summary information
regarding the participant’s self-reported symptom data. A high score reflected a higher symp-
tom total. All of the tasks were fully supervised, and brief onscreen instructions were provided.
Responses were recorded on the computer.

Statistical analysis

Statistical analysis was performed using SPSS software (SPSS 21.0, IBM, USA). Variable that
consisted of a single measurement per trial were analyzed using a one-way (trial) repeated-
measures analysis of variance (ANOVA). Variables that included multiple measures per trial
were examined using a two-way (trial x time) ANOVA. When a significant main effect or
interaction was identified, data were subsequently analyzed using a Bonferroni post hoc test.
The significance level was set at P < 0.05. Data are presented as mean + SD. The omnibus
effect size (ES) of the different trials was partial eta square (%) and may be calculated using the
following equation: partial Wsial = sum of squares trial / sum of Squares trial + sum squares of
error. The ES between any two different trials of three trials was d and d = (mean of experi-
mental group)-(mean of control group) / sum of standard deviation [35]. Cohen defines the
partial n* of 0.01, 0.06, 0.14 as small, medium, and large effects, and the threshold of d was 0.2,
0.5, 0.8 for small, medium, and large effects, respectively [35].

Results
Exercise performance

Average time to complete the 21-km time-trial was 132.4 + 11.5 min, 129.6 +8.8 min, and
134.6 £ 11.5 min for the CEPS, CES, and PLA trials, respectively. The endurance performance
was approximately 3.7% shorter in the CES trial than in the PLA trial (P < 0.05), but no differ-
ences were observed between the CEPS and the other two trials (P > 0.05). The omnibus ES of
the three trials on endurance performance was large (partial n* = 0.34), and the ES for CEPS
and CES trials, CEPS and PLA trials, and CES and PLA trials was 0.27, 0.19, and 0.49, respec-
tively. Compared with the CEPS and PLA trials, 7 or 8 of 11 participants performed better in
the CES trial. In addition, 9 of 11 participants posted faster times in the CEPS trial than in the
PLA trial (Fig 2).

Levels of hydration and physiological measures

Participants lost approximately 2.0% of their pre-exercise body mass (CEPS vs. CES vs. PLA:
2.20% + 1.72% vs. 2.23% + 1.20% vs. 1.75% + 1.57%) after the 21-km run. Average body mass
loss was not significantly different among the three trials (P > 0.05). There was no difference
in USG changes (post-exercise-pre-exercise) among the three trials (CEPS vs. CES vs. PLA:
—0.004 £ 0.008 vs. —0.003% 0.013 vs. —0.001+ 0.010; P> 0.05).

Summary data of the physiological measures assessed after ingesting either the CEPS, CES
or PLA during the 21-km run are presented in Table 2. The blood glucose was significantly
higher in the CES trial than in the PLA trial (P< 0.05), but no differences were found between
CEPS and other two trials (CEPS vs. CES vs. PLA: 4.97 + 1.22 vs. 5.53 + 1.05 vs.4.45 + 1.01
mmol/L; P > 0.05). At the 15-km data collection points, the glucose level was higher in the
CEPS trial than in the PLA trial (P< 0.05). Blood lactate rose significantly in the CEPS and
CES trials (P< 0.05). No differences in blood lactate were identified among the three trials
(CEPS vs. CES vs. PLA: 1.98 + 0.94 vs. 2.40 + 1.48 vs. 1.89 + 0.89mmol/L; P > 0.05). HR
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Fig 2. Time required to complete a 21-km marathon run when 11 participants ingested a
carbohydrate-electrolyte-protein solution (CEPS), carbohydrate-electrolyte solution (CES), or a
placebo (PLA) during exercise.

https://doi.org/10.1371/journal.pone.0185982.9002

gradually rose during the course of excise among three trials (P< 0.05). No differences in HR
were seen among the three trials (CEPS vs. CES vs. PLA: 138 + 39 vs. 141 + 40 vs. 134 + 37
beats/min; P> 0.05). There was no difference in RER during exercise among the three trials
(CEPS vs. CES vs. PLA: 0.90 + 0.05 vs. 0.89 + 0.10 vs.0.86 + 0.05; P> 0.05).

Subjective measures

Table 3 shows the data for subjective estimates. There were no differences for RPE among the
three trials (CEPS vs. CES vs. PLA: 10.1 £ 3.0 vs. 9.9 + 3.1 vs. 10.4 + 3.0; P > 0.05), PT (CEPS
vs. CES vs. PLA: 1.7 + 1.7 vs. 1.4 £ 1.5 vs. 1.7 + 1.8; P > 0.05), and AD (CEPS vs. CES vs. PLA:
1.0+1.4vs.0.8+1.2vs.0.9+1.4) (all P> 0.05).

Table 2. Summary data for physiological measures during 21-km running while ingesting either CEPS, CES or PLA.

Main effects of treatments Pre-exercise 5-km 10-km 15-km Post-exercise
Glucose (mmol/L) CEPS CES vs. PLA (P<0.05) 5.81+1.65 4.83+0.87 4.83+1.18 5.01+0.64% 4.38+1.23
CES 5.92+0.95 517+0.78° |549+1.33 |543+1.06® |5.62£1.10°
PLA 5.64 +0.93 4.33+0.46 4.24 +0.87 414 +0.67 3.88+1.08
Lactate (mmol/L) CEPS 1.26+0.48 2.04+1.23 2.23+0.96 2.03+0.82 2.34£0.81
CES 1.26+0.45 1.89+0.78 2.95+1.84 2.61+1.38 3.29+1.64
PLA 1.28+0.75 1.91+0.76 2.07+0.89 1.69+0.64 1.98+1.20
HR (beats/min) CEPS 67+13 151 21 153+ 14 157 £17 163+ 15
CES 6913 150+ 12 163+ 14 160+ 16 165+17
PLA 65+ 11 146 + 14 153+ 14 152+ 15 155+13
RER (VCO4/VO,) CEPS 0.93+0.09 0.90+ 0.05 0.90+ 0.05 0.90+ 0.05% 0.89+ 0.05%
CES 0.88+0.05 0.88+0.06 0.88+0.07 0.87+0.07 0.86+ 0.06
PLA 0.87+0.05 0.89+0.04 0.88+0.03 0.86+0.04 0.83+0.05

& P<0.05, CEPS vs. PLA;
®P<0.05, CES vs. PLA.
CEPS: Carbohydrate-electrolyte-protein solution; CES: Carbohydrate-electrolyte solution; PLA: Placebo.

https://doi.org/10.1371/journal.pone.0185982.t002
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Table 3. Summary data for psychological parameters during 21-km running while ingesting either CEPS, CES or PLA.

Main effects of treatments Pre-exercise 5-km 10-km 15-km Post-exercise

RPE CEPS 6.8+0.9 8.8+1.8 10.1+£22 11.5+25 13.3+2.8

CES 7.0+21 9.0t25 10.2+2.3 11.2+24 12.2+3.5

PLA 6.9+1.6 9.2+21 104+£1.7 12.0+2.4 13.4+23
PT CEPS 0.4+0.7 1.3+1.3 1.7+13 24+2.0 26+2.3

CES 0.2+0.6 1.2+1.2 1.6+1.5 21+1.8 1.8+1.8

PLA 0.3+0.7 1.1+13 15+15 24+1.8 3.1+24
AD CEPS 0.1+£0.3 0.6+1.0 14+15 15+1.4 1.6+1.9

CES 0.0+0.0 0.3+0.5 0.6+ 0.8 1.5+15 1.5£1.6

PLA 0.0+0.0 0.7+ 1.1 0.7+ 1.1 1.2+1.3 1.8+1.9

RPE: Rating of exertion; PT: Perceived thirst; AD: Abdominal discomfort;
CEPS: Carbohydrate-electrolyte-protein solution; CES: Carbohydrate-electrolyte solution; PLA: Placebo.

https://doi.org/10.1371/journal.pone.0185982.t003

Cognitive performance

Results of the cognitive function tests are presented in Table 4. For the verbal memory com-
posite (accuracy), results showed no difference, irrespective of the fluid intake condition

(P> 0.05). The omnibus ES of the three trials on verbal memory was medium (partial W=
0.13), and the ES for CEPS and CES trials, CEPS and PLA trials, and CES and PLA trials was
0.51, 0.84, and 0.35, respectively. The visual memory composite (accuracy) was similar among
the three trials (P > 0.05).The omnibus ES of the trials on visual memory was large (partial

Table 4. Cognitive performance for different trials (CEPS, CES, and PLA) before and after exercise.

Verbal memory

Visual memory

Visual motor speed

Reaction time

Impulse control

Total symptom score

Cognitive efficiency index

CEPS
CES
PLA
CEPS
CES
PLA
CEPS
CES
PLA
CEPS
CES
PLA
CEPS
CES
PLA
CEPS
CES
PLA
CEPS
CES
PLA

Main effects of treatments

CEPS vs. PLA (P<0.05)

Pre-exercise
89.00 + 14.83
90.18+ 12.42
90.18 £8.59
78.46 £ 12.82
72.00 £ 14.52
69.36+16.85
40.44 +4.81
40.71+4.83
36.90 + 3.89
0.68 £ 0.08
0.67£0.11
0.71+0.12
3.09+£2.30
4.27 +4.80
4.72+4.10
2.46+3.72
2.09+2.77
3.09+4.23
0.32+0.14
0.31+0.14
0.29+0.13

CEPS: Carbohydrate-electrolyte-protein solution; CES: Carbohydrate-electrolyte solution; PLA: Placebo.

https://doi.org/10.1371/journal.pone.0185982.1004

Post-exercise
95.64+4.13
91.09 £ 11.71
86.46 + 14.81
73.55+16.98
78.55 + 15.53
72.46 +£17.02
40.18 +4.37
39.70+£4.43
37.63+3.76
0.65+0.08
0.64+0.14
0.71+0.13
3.27+2.20
4.27 +4.56
4.18+3.14
1.82+2.71
3.36 £2.91
2.82+3.43
0.39+0.18
0.31+0.17
0.22+0.18
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1 = 0.14), and the ES for CEPS and CES trials, CEPS and PLA trials, and CES and PLA trials
was 0.31, 0.06, and 0.37, respectively. No significant differences in visual motor speed compos-
ite (accuracy) were found among three trials during the pre-exercise test, but there was a higher
visual motor speed in the CEPS trial than in the PLA trial (P <0.05). The omnibus ES of the
trials on visual motor speed was large (partial n* = 0.37), and the ES for CEPS and CES trials,
CEPS and PLA trials, and CES and PLA trials was 0.11, 0.63, and 0.50, respectively. The reac-
tion time was not influenced by the ingested solutions (P > 0.05). The omnibus ES of the trials
on reaction time was large (partialn® = 0.15), and the ES for CEPS and CES trials, CEPS and
PLA trials, and CES and PLA trials was0.09, 0.56, and 0.52, respectively. For impulse control
(errors), no differences were observed among all three conditions (P > 0.05). The omnibus ES
of the trials on impulse control was medium (partial n* = 0.06), and the ES for CEPS and CES
trials, CEPS and PLA trials, and CES and PLA trials was 0.28, 0.44, and 0.11, respectively.
Regarding the total symptom score, the solutions did not show any significant effect

(P > 0.05). The omnibus ES of the trials on total symptom score was medium (partial n* =
0.04), and the ES for CEPS and CES trials, CEPS and PLA trials, and CES and PLA trials was
0.55, 0.32, and 0.17, respectively. Similarly, cognitive efficiency index showed no significant
variation during exercise among the three trials (P > 0.05). The omnibus ES of the trials on
cognitive efficiency index was large (partial n* = 0.29), and the ES for CEPS and CES trials,
CEPS and PLA trials, and CES and PLA trials was 0.46, 0.94, and 0.51, respectively.

Discussion

This study compared the effects of three different solutions, which were (namely the CES,
CEPS, and PLA) consumed during a 21-km run, on the exercise performance and cognitive
function in female recreational runners. We observed that compared with the PLA feedings,
ingesting CES improved 21-km time-trial performance. However, the addition of PRO to a
CES did not further enhance endurance performance. CEPS feeding enhanced visual motor
speed compared to the PLA, but no differences in the performance of the other cognitive
function tests were found. It is widely accepted that CES ingestion improves endurance per-
formance [1,2]. This was also the case in our experiment, with the CES improving time-trial
performance by 3.7% over the non-caloric PLA. As summarized by Coyle and Jeukendrup
[4,5], this effect was most likely due to maintenance of blood glucose or a higher rate of CHO
oxidation during exercise. In the present study, the blood glucose concentration of PLA
treatment was lower than in the CES treatment during exercise. Even though the CEPS treat-
ment contained more calories from PRO and CHO, performance during this treatment
improved 1.7% but not statistically different from the PLA. It should to be noted that partici-
pants were recreational runners with infrequent exposure to high-intensity exercise in the
present study, so a greater variability of fitness level provides a partial explanation for the
lack of a significant benefit [36]. In addition, 9 out of 11 participants ran faster in the CEPS
trial than in the PLA trial (Fig 2), suggesting that CEPS ingestion might assist endurance
performance.

Three previous studies have suggested that ingestion of a CEPS during prolonged exercise
extends TTE, compared with a CES only [3,6,7]. However, the practical applications for these
works are constrained by the fact that endurance athletes do not typically compete in events
that require sustaining a fixed power output for as long as possible. The time-trial protocol in
which athletes are required to complete a certain amount of work in the shortest time possible
has shown to be more reliable and reproducible for research [8]. Additionally, in these studies,
the CEPS contained approximately 20%-25% more calories than the CES supplement [3,6,7].
Therefore, the beneficial effect of the CEPS versus the CES-only supplements could be
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attributed to the high caloric content of the CEPS rather than a PRO-specific physiological
mechanism per se.

Regarding the time-trial performance, our results were consistent with those studies who
reported no improvement in performance when PRO was added into the CES [8-10]. The
experimental solutions in these 3 studies were matched for total CHO but not for total caloric
content. Approximately 20% to 37% more calories was contained in CEPS treatment than
their CES-only. Despite this, the cyclists and runners did not perform better with the addition
of PRO. Therefore, these studies suggest that the co-ingestion of CHO and PRO during endur-
ance exercise seems not to further improve time-trial performance. Jeukendrup suggested that,
to be ergogenic for performance, the optimal intake of CHO was approximately 60-70g/h [5],
and a convenient way for athletes to satisfy their hydration needs is to drink 600-1400ml/h
solution [10]. However, in our present study, participants received only 600 mL/h fluid drink
during the exercise bout and the CHO was provided a rate of around 24g/h in the CEPS trial
and around 36g/h in the CES trial. The lower rate of fluid intake and CHO intake could
explain at part for the failure of CEPS to improve time-trial performance.

It should be noted that most of studies having examined the effects of CEPS on perfor-
mance included male participants only [3, 6, 10]. Very few data exist on how women respond
to such beverages. Compared with men, women rely to a lesser extent on CHO and PRO
sources to fuel a bout of endurance exercise [13,15], which suggested that female may respond
differently in a response to a nutritional regimen. In the present study, one limitation was that
we did not calculate the CHO and fat oxidation because the indirect calorimetry method was
not appropriate for calculation of whole body substrate utilization when PRO was ingested. It
has been suggested that trained participants may be more suitable for physical performance
test, compared with untrained participants [36]. Therefore, another limitation of the present
study was that only recreational female runners were recruited. In summary, the results of the
present study indicated that CEPS ingestion during endurance exercise may not further
improve time-trial performance in females, compared with iso-caloric CES consumption. In
the future, research needs to be conducted using trained females as subjects, and more sophis-
ticated measures of substrate utilization were applied to determine the mechanism.

This study was also designed to determine the impact of CES or CEPS feedings during
endurance running on the performance of cognitive function. This had generally not been
studied under these conditions but could clearly affect endurance performance. The mecha-
nisms by CES feeding which affect cognitive function have yet to be elucidated, but it is
thought to involve the alterations in the cerebral availability of glucose [26], the balance of neu-
rotransmitters such as serotonin and dopamine [25], and/or ammonia production [24]. Previ-
ous research examining the role of CES feedings in maintaining cognition during exercise has
led to mixed results. Two studies [16,18] and our laboratory [17] have evaluated the effects of
CES during prolonged running or team sport exercise and found an improved cognitive per-
formance in CES trial compared with a PLA. Other studies, however, have indicated that there
is no benefit of CES to cognitive performance during running and walking exercise compared
with the PLA [27, 28], and our results were consistent with these research. Although the PLA
trial showed lower blood glucose concentration, the glucose level for the PLA was relatively
high, with small differences between the PLA and CES treatments (PLA vs. CES: 4.45 + 1.01vs.
5.53 + 1.05mmol/L). That could be an explanation for the failure observation of differences in
cognitive function between CES and PLA trials. Several studies have also demonstrated a posi-
tive effect of PRO feedings on cognitive function across different populations in controlled set-
tings, but without exercise [29,30]. To our knowledge, the present study may be the first study
exploring the cognitive performance of co-ingestion of PRO and CES during endurance exer-
cise. This is obviously important because common occurrences of cognitive dysfunction of
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athletes during exercise may determine the outcome of a competition. Our data suggest that
small amount of PRO to the CES during endurance exercise enhance visual motor speed than
the PLA. We speculated that branched-chain amino acids (BCAA) from the PRO might atten-
uate central fatigue during this trial, because Blomstrand et al. [37, 38] reported improved
mental performance with BCAA feeding.

In summary, our results suggest that CES feeding in the form of a 6% CHO during running
exercise can improve 21-km time-trial performance in female recreational runners than a
non-caloric PLA solution. Nevertheless, adding 2% PRO to a 4% CHO drink showed no addi-
tional benefit on endurance performance. The CEPS treatment provided further benefit for
visual motor speed than the PLA ingestion only.

Supporting information

S1 Data. The participants’ data for exercise performance and physical measures.
(XLSX)
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