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Ice Slurry on Outdoor Running Performance in Heat
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Abstract

▼

The eﬃcacy of ingestion of ice slurry on actual
outdoor endurance performance is unknown.
This study aimed to investigate ice slurry ingestion as a cooling intervention before a 10 km
outdoor running time-trial. Twelve participants
ingested 8 g · kg − 1 of either ice slurry ( − 1.4 °C;
ICE) or ambient temperature drink (30.9 °C;
CON) and performed a 15-min warm-up prior
to a 10 km outdoor running time-trial (Wet Bulb
Globe Temperature: 28.2 ± 0.8 °C). Mean performance time was faster with ICE (2 715 ± 396 s)
than CON (2 730 ± 385 s; P = 0.023). Gastrointestinal temperature (Tgi) reduced by 0.5 ± 0.2 °C
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Elevated body core temperature (Tc) during exercise in hot environments has been shown to
reduce both endurance performance [1, 28] and
endurance capacity (i. e., time-to-exhaustion)
[11, 16, 17]. These detrimental eﬀects of elevated
Tc can be mitigated by pre-exercise cooling strategies. Pre-exercise cooling lowers Tc by inducing
a heat debt to the body. This increases heat storage capacity and allows greater metabolic heat
production, and delays the onset of fatigue as a
result of exercising in the heat. To date, pre-exercise cooling has mainly been achieved via external cooling methods such as cold water
immersion [9, 22, 28], wearing of ice vest [3, 8]
and cold air exposure [13, 23]. Although proven
to be eﬀective, the ﬁeld application and practicality of these methods have been challenged
[31].
Acknowledging the criticism against external
pre-cooling methods, recent studies have
employed the more convenient, more practical
and less logistically demanding internal precooling strategy of ingesting cold ﬂuid or ice

after ICE ingestion compared with 0.1 ± 0.1 °C
(P < 0.001) with CON. During the run, the rate
of rise in Tgi was greater (P = 0.01) with ICE than
with CON for the ﬁrst 15 min. At the end of timetrial, Tgi was higher with ICE (40.2 ± 0.6 °C) than
CON (39.8 ± 0.4 °C, P = 0.005). Ratings of thermal
sensation were lower during the cooling phase
and for the ﬁrst kilometre of the run ( − 1.2 ± 0.8;
P < 0.001). Although ingestion of ice slurry
resulted in a transient increase in heat strain following a warm up routine, it is a practical and
eﬀective pre-competition cooling manoeuvre to
improve performance in warm and humid environments.

slurry [12, 24, 25, 34]. Lee et al. [25] demonstrated in eight healthy males that ingesting cold
(4 °C) versus warm (37 °C) ﬂuids before and during exercise in a hot environment prolonged
cycling time to exhaustion by 23 ± 6 %. Subsequently, Siegel et al. [34] rationalised that ice
slurry would have a higher heat storage capacity
through latent heat of fusion due to the phase
change from ice to water. They showed that preexercise ingestion of ice slurry ( − 1 °C) versus
cold ﬂuid (4 °C) was eﬀective in lowering rectal
temperature (Tre) by 0.66 ± 0.14 °C and extended
the ensuing running time to exhaustion by
19 ± 6 %. An unexpected and novel ﬁnding was
that end-exercise Tre was signiﬁcantly higher
after the ingestion of ice slurry (39.36 ± 0.41 °C)
than with cold ﬂuid (39.05 ± 0.37 °C; P = 0.001).
Whilst such laboratory ﬁndings are promising,
the practical impact of ingesting cold ﬂuid or ice
slurry is unknown as it has yet to be investigated
in a ﬁeld setting. In the ﬁeld, air velocity exerts a
signiﬁcant impact on rates of heat storage, and
hence thermoregulation during exercise, but this
environmental factor has been overlooked in
most laboratory trials [33]. For instance, the rate
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Table 1

Participant characteristics. Values are in mean ± standard deviation.

age (years)
mass (kg)
height (m)
body fat ( %)
VO2 peak (ml.kg − 1.min − 1)

Male (n = 8)

Female (n = 4)

All (n = 12)

23.9 ± 1.4
63.9 ± 9.4
1.70 ± 0.06
12.9 ± 4.6
58.1 ± 7.6

21.3 ± 2.6
56.6 ± 6.3
1.64 ± 0.06
17.8 ± 3.1
46.8 ± 5.0

23.0 ± 2.2
61.5 ± 9.0
1.68 ± 0.06
14.6 ± 4.6
54.3 ± 8.7

of heat storage was halved when air velocity was increased from
0 km · hr − 1 to 10 km · hr − 1 (80.8 ± 22.4 W · m − 2 · h − 1 to 42.5 ± 17.2
W · m − 2 · h − 1) and was further reduced by 10.4 W · m − 2 · h − 1 when
air velocity was increased to the calculated cycling road speed
(~33.5 km · h − 1). In addition, the laboratory studies did not incorporate a warm-up routine prior to exercise [25, 34]. This is
important because warm-up exercise is a commonly adopted
strategy by runners prior to competitive events and has ergogenic eﬀects on the ensuing exercise. The ergogenic eﬀects of
warm-up include elevation of baseline oxygen consumption and
postactivation potentiation, enhancement of biomechanical eﬃciency and psychological preparedness [6]. Because a warm-up
exercise also increases muscle temperature [7], this may diminish the eﬀects of a pre-exercise cooling manoeuvre. Moreover,
most of these studies that have investigated internal cooling
have employed time-to-exhaustion protocols to evaluate endurance capacity and its impact on endurance performance can
only be inferred [25, 34]. A self-paced exercise protocol would
serve as a more direct assessment as it provides closer physiological simulation of the actual performance and directly correlates with how athletes fare in a real competition [14].
Therefore, the purpose of the present study was to examine the
ingestion of ice slurry as a pre-exercise cooling manoeuvre versus ambient temperature drink on thermoregulation and exercise performance in a ﬁeld setting. A warm-up routine was
incorporated to increase ecological validity. We hypothesised
that ice slurry ( − 1.4 °C) ingestion would signiﬁcantly reduce Tc,
and improve running performance time in an outdoor 10 km
run, compared with ambient temperature drink (30.9 °C) ingestion.

Preliminary measurements
On the ﬁrst visit, participants reported to the laboratory where
their height was obtained to the nearest 0.1 cm using a stadiometer (Seca, Brooklyn N.Y, USA) and body mass to the nearest
0.01 kg using a ﬂoor weighing scale (BBA211 Bench Scale, Mettler-Toledo, Germany). Skinfold thickness measurements were
taken at four sites (biceps, triceps, subscapular and suprailiac) in
duplicates using skinfold callipers (Model HSK-BI-3; Baty International, West Sussex, UK). Body density was calculated according to Durnin and Womersley [15] and percent fat estimated
using the equation of Siri [35].
Participants completed a running economy test and a peak aerobic capacity (VO2 peak) test on a treadmill in an air-conditioned
laboratory (ambient temperature of ~22 °C with 60 % relative
humidity). Expired air was monitored continuously via a facemask and metabolic cart (Cortex Metalyser 3B, Germany). Heart
rate was measured continuously by short-range telemetry using
a heart rate monitor (Model S610i; Polar Electro Oy, Kempele,
Finland). With the treadmill elevated at 1 % gradient, starting
speed for the running economy test (ascertained by a steady
state VO2 at each stage) was determined by the individual’s
expected 10 km race speed minus 1 km · h − 1. The belt speed was
increased by 1 km · h − 1 every 3 min for four stages. Ratings of
perceived exertion (RPE) were recorded every 3 min, using the
6–20 point Borg Scale [10].
After the running economy test, participants recovered for 5–
10 min before embarking on the VO2 peak test. An RPE score of
12–13 during the running economy test was used to determine
the constant speed for the VO2 peak test. This test commenced at
1 % gradient and the gradient was increased by 1 % every min
until volitional exhaustion. Participants were verbally encouraged during the test. Peak aerobic capacity was determined from
the average oxygen intake during the ﬁnal minute of this test.
The test was considered valid if the following two criteria were
met: (i) heart rate within 10 % of the predicted maximum, (ii)
respiratory exchange ratio above 1.15 [2]. A linear regression for
VO2 against running speed was calculated and used to predict
relative exercise intensity during the 10 km runs.

Outdoor environmental conditions
Materials and Methods

▼

Participants
▶ Table 1) volunteered to
12 individuals (8 males and 4 females; ●
participate in this study. Ethical approval was granted by the
Institutional Review Board and conformed to the international
standards as required by the journal [19]. Individuals were
required to undergo a mandatory health-screening in a local
hospital and were certiﬁed ﬁt for study participation by a physician. All volunteers gave their informed consent in writing prior
to the commencement of the study and retained the right to
withdraw from the study at any time. They were physically
active and engaged in at least ﬁve sessions of physical activity
per week. Participants were familiar with running a 10 km race,
recording an average of seven competitive 10 km races, ranging
from four to more than 20. Majority of the participants represent either their respective institution or running clubs in competitive races. Most of them ran at least one competitive 10 km
race six months prior to the study.

Yeo ZW et al. Ice Slurry on Outdoor … Int J Sports Med 2012; 33: 859–866

This study took place in Singapore, which is located near the
equator (latitude 1 ° 14’N, longitude 103 ° 55’E). Its climate is
characterised by uniformity of temperature (~24–32 °C) and
humidity (~55–95 %). Weather forecast was based on an online
meteorological service (www.weather.gov.sg/wip/web/home/
further_outlook) to ensure that the trials took place under consistent outdoor conditions. Dry bulb (Tdry), wet bulb (Twet), globe
temperature (Tglobe), relative humidity and wind velocity during
the trials were measured using a portable climate monitoring
device (Questemp-15 Area Heat Stress Monitor, Quest Technologies, WI). Wet bulb globe temperature (WBGT) index was calculated as 0.1 (Tdry) + 0.7 (Twet) + 0.2 (Tglobe).

Experimental design
Each participant completed a familiarisation, and two experimental trials on a 400 m outdoor running track, ingesting either
ice slurry ( − 1.4 °C; ICE) or ambient temperature drink (30.9 °C;
CON) in a counterbalanced order. Trials were completed with a
minimum of one week following the previous trial. All participants were encouraged to perform their best for each run. Trials
were conducted at the same time of the day to control for any
circadian variations in Tc.

Physiology & Biochemistry
Familiarisation
During the familiarisation, participants and researchers were
acquainted with all procedures to be employed during the
experimental trials. To familiarise participants with the sensation of ingesting ice slurry, each participant was provided with
the actual amount of ice slurry to be ingested during their ICE
experimental trial. They were asked to report the occurrence of
sphenopalatine ganglioneuralgia (brain freeze), if any. They
were also asked to avoid any strenuous physical activity and to
record all other physical activities and dietary habits for the preceding day and on the trial day. A diet and physical activity
record sheet was kept to facilitate their compliance with the
requirements. Participants were encouraged to strictly adhere
to these pre-trial control measures for the subsequent experimental trials.

Gastrointestinal temperature

▼

Gastrointestinal temperature (Tgi), measured via an ingestible
telemetric pill (VitalSense® temperature sensor) that transmits
temperature data every 15 s in the form of continuous low-frequency radio waves to an external logger (Mini Mitter Co., Inc.,
Bend, OR, USA), was used as an index of Tc. Sixteen hours before
the commencement of the familiarisation trial, participants
were required to swallow a telemetric pill. This enabled researchers to estimate each participant’s bowel transit time, and to
more accurately advise the time of ingestion for subsequent
experimental trials. It is important that the pill sits in the rectum or deep in the gastrointestinal tract for Tgi to be used as an
index of Tc, as ingestion of cold ﬂuid can directly aﬀect sensor
temperature [40]. Despite ingesting the pill eight to eleven hours
prior, the ingestion of cold drinks has been reported to compromise its accuracy [27]. However, this extended duration (16 h)
between pill ingestion and trial start also increased the likelihood of pill excretion before exercise and thus, had to be reduced
from 16 h to 10 h to 7 h to 4 h, depending on the individual. The
time of pill ingestion was kept consistent within each individual
between the two experimental trials.

Experimental trials
Upon arrival at the trial site, each participant’s nude body mass
was measured to the nearest 0.01 kg using a ﬂoor weighing scale
(BBA211 Bench Scale, Mettler-Toledo, Germany). A urine sample, collected mid-stream, was used for measurement of urine
speciﬁc gravity (USG) using a hand-held refractometer (PAL10 S, Atago, Japan). Subsequently, participants were ﬁtted with
heart rate monitors (Model S610i; Polar Electro Oy, Kempele,
Finland) and were provided with the Tgi external logger to be
carried in a pouch around their waist during exercise. Heart rate
and Tgi were measured continuously throughout the trial and
calculated as 5 min averages.
During the 30 min pre-exercise drinking phase, participants
ingested 8 g · kg − 1 body mass of sports drink (100 Plus, Fraser
and Neave Limited, Singapore; carbohydrate 6.7 g 100 ml − 1, Na+
21 mmol · l − 1, Cl 11 mmol · l − 1) in the form of either ICE or CON.
The absolute amount to be consumed was based on individual
body mass recorded during the ﬁrst visit to the laboratory. Ice
slurry was prepared using a commercially available ice slurry
machine (Two-bowl ice peak machine, IMI Cornelius, US). Servings were administered in six equal aliquots at 5 min intervals to
ensure a standardised ingestion rate. Ratings of thermal sensa-

tion (7-point scale; 4) were reported at the start and after ingestion of each aliquot.
A 15 min warm-up phase was provided. Participants were free
to perform their preferred exercises before lining up along the
start line. The general pattern of participants’ self-selected
warm up was two to three rounds of jogging around the 400 m
running track or two to three 50 m strides coupled with stretches
of the neck, arms and legs’ muscles. They were asked to record
their warm-up routine during the familiarisation trial and to
repeat it during experimental trials, to prevent Tc from being
aﬀected by inconsistent amount of metabolic heat generated
from diﬀerent warm-up exercises. The gap between the completion of warm-up and the start of the 10 km time trial was about
5 min.
Following a mass start, participants were constantly reminded
to perform their best. Watches used for heart rate monitoring
were masked with a tape to prevent participants from adopting
time-based pacing strategies. Performance times were also
withheld until the end of the entire study. Ambient temperature
water (400 mL prepared in 500 mL bottles) was available ad libitum to participants at 3.2, 6.0 and 9.2 km distances. A researcher
at the drinks station oﬀered each participant his/her bottle at
the respective distances. Participants who drank placed their
▶ Fig. 1). Another
bottles on a table situated ~100 m away (●
researcher monitored the number of rounds completed and
informed each participant after every 2 km. Upon completion of
the run, all measuring equipment was removed, a complete
urine sample was collected, and nude body mass was measured.

Fluid balance
Fluid intake was measured by weighing the drink bottles preand post-run. Changes in nude body mass and volume of urine
excreted were used to assess ﬂuid loss or gain during the run.
Sweat rate was calculated as (pre-run nude body mass – postrun nude body mass) + ﬂuid ingested − urine excreted.

Split times
Separate digital cameras with video recording function (Panasonic, DMC FS20, Japan; Cannon, IXUS 9515, Japan) were placed
at the 200 m and 400 m marks to record the 200 m split times of
the participants’ run.

Subjective ratings
Ratings of perceived exertion and thermal sensation were
reported every 400 m, starting from 0.6 km. Rating of thermal
sensation was recorded prior to the run at the start. Visible thermal sensation and perceived exertion scales were placed 15 m
before and after the 200 m mark, respectively. A video camera
(Cannon, Legria HF 20, Japan) and digital cameras (Panasonic,
DMC FS20, Japan; Olympus, μ 760, South Korea) with videorecording function were placed ~5 m after the scales for participants to report their subjective ratings using hand-signals and/
or verbally. A researcher was stationed at each scale to constantly remind participants to report their subjective ratings.

Statistical analysis
All statistical computations were performed using the Statistical
Package for Social Sciences version 17.0. Data from the ICE and
CON trials were paired within an individual. Normality of data
was assessed using Shapiro Wilk test. Data which did not follow
the normal distribution were analysed using Wilcoxon matchedpair signed rank test. A two-factor repeated measures ANOVA
Yeo ZW et al. Ice Slurry on Outdoor … Int J Sports Med 2012; 33: 859–866
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Fig. 1 Layout of the trial at the outdoor 400 m
running track. The 200 m split times were recorded
using cameras. One researcher monitored the
number of rounds completed and informed each
participant after every 2 km. This researcher would
also instruct another researcher to oﬀer drinks
after eight (3.2 km), 15 (6.0 km) and 23 (9.2 km)
rounds. Ratings of perceived exertion (RPE) and
thermal sensation (TS) were placed approximately
30 m apart and were recorded using video cameras
at the 200 m mark every 400 m. The 200 m split
times were also recorded here. All data collected
through video cameras were consolidated manually by the same researcher, who reviewed the
recordings after each trial.

200 m mark

Researcher

Record split time

Camera
Table
Path of run

Record RPE

RPE Scale
Record TS
TS Scale

Drinks Drop-off
100 m
Drinks Station

Record split time
400 m mark

Results

▼

Environmental conditions and pre-trial hydration
status

25
20
Pacing (% off mean pace)

evaluated the changes in the measured variables over time.
When a signiﬁcant F-ratio was obtained, a Student’s paired
t-test, with a Bonferroni adjustment, isolated diﬀerences among
treatment means. For all statistical comparisons, a signiﬁcance
of P < 0.05 was used. All data are presented as mean ± standard
deviation.
Diﬀerences in 10 km running performance time were also analysed using a magnitude-based inference approach, indicating
the eﬀect size of the intervention [5, 21]. The coeﬃcient of variation (CV) used in this study was derived directly from the participants’ performance times during the familiarisation trial and
ice slurry trial, and was established to be 1.2 %. Thus, the smallest worthwhile improvement in performance time would be
0.4 % [20]. These data are presented with inference about the
true value of pre-exercise ice slurry ingestion-eﬀect on an outdoor 10 km running time-trial.

15

*

10
5
0
–5
–10
0

1

2

3

4

6

5

7
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10

Distance (km)
Ice slurry

Ambient temp drink

Fig. 2 Pacing for every 200 m ( % oﬀ the mean pace; mean ± standard
deviation) during the 10 km outdoor run. * denotes ice slurry signiﬁcantly diﬀerent from ambient temperature drink (P < 0.05). Pacing was
signiﬁcantly faster between 8.6 and 9.6 km following ice slurry ingestion
compared with ambient temperature drink (P = 0.01).

There was no diﬀerence in mean Wet Bulb Globe Temperature
(WBGT) of the sheltered area where the ice slurry or ambient
temperature drink were ingested (CON: 27.6 ± 0.2 °C; ICE:
27.6 ± 0.2 °C; P = 0.989). Outdoor WBGT were similar between
trials (CON: 28.1 ± 0.6 °C; ICE: 28.4 ± 0.9 °C; P = 0.462). Participants were considered to be euhydrated before each trial. This
was indicated by both their urine speciﬁc gravity (USG; CON:
1.017 ± 0.008; ICE: 1.013 ± 0.009; P = 0.124) and pre-trial body
mass (CON: 60.9 ± 9.2 kg; ICE: 61.0 ± 9.1 kg; P = 0.397). One female
participant reported a slight sensation of brain freeze after
ingesting the 4th aliquot during the ICE trial.

ners who performed better when ICE ingestion was employed as
the pre-exercise cooling manoeuvre. The time of the only runner
who performed worse with ICE ingestion was a large − 102 s,
which skewed the mean drastically. When comparison was
made using data from the 11 runners who performed better
with ICE ingestion, the mean improvement in performance time
was 26 ± 15 s or 1.0 ± 0.6 %. The likely beneﬁt of ICE ingestion
compared with CON ingestion amongst these 11 runners who
performed better with ICE ingestion ranges from “trivial to
large”.

Performance time

Oxygen uptake (VO2) and pacing

There was no trial order eﬀect on the 10 km running performance time (1st experimental trial: 2 733 ± 416 s; 2nd experimental
trial: 2 726 ± 416 s; P = 0.612). Participants performed better during the ICE trial (2 715 ± 396 s) compared with CON trial
(2730 ± 385 s, P = 0.023). Mean improvement in performance
time was 15 ± 39 s or 0.6 ± 1.4 %. There were 11 (out of 12) run-

Participants performed at a higher % VO2 peak during ICE trial
(82 ± 5 %) compared with the CON trial (81 ± 5 %; P < 0.001). The
mean of the 200-m splits between 8.6 km and 9.6 km was faster
during the ICE ingestion trial (55 ± 1 s) compared with CON trial
▶ Fig. 2). There was no diﬀerence (P = 0.515)
(56 ± 1 s; P < 0.05; ●
between trials for the rest of the time points.
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*
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0.0
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Warm-up
Time (min)
Ice slurry

Warm up

Run

Ambient temp drink

Fig. 3 Gastrointestinal temperature (Tgi; °C) during each experimental
trial (mean ± standard deviation). Arrow denotes when drink was ingested.
* denotes ice slurry signiﬁcantly diﬀerent from ambient temperature drink
(P < 0.05). Gastrointestinal temperature was lower during the ice slurry
trial from 5 min before end of the drinking phase to 5 min before end of
warm-up compared with ambient temperature drink trial (P = 0.001). At
the lowest point, there was a greater decrease in Tgi during the ice slurry
trial (0.5 ± 0.1 °C) compared with the ambient temperature drink trial
(0.1 ± 0.1 °C, P = 0.001). Gastrointestinal temperature was higher during
the ice slurry trial compared with ambient temperature drink trial from
15 min of the 10 km outdoor run (P = 0.01). At the end of the run, Tgi was
higher in the ice slurry trial compared with the ambient temperature drink
trial (P = 0.005).

Gastrointestinal temperature (Tgi)
Gastrointestinal temperature data from only 11 participants are
presented, as one participant excreted the telemetric pill before
his CON trial. During the 5 min rest before the start of the drinking phase (start), there was no diﬀerence in Tgi (CON: 37.4 ± 0.2 °C;
▶ Fig. 3). At the end
ICE: 37.5 ± 0.3 °C; P = 0.144) between trials (●
of the drinking phase, ICE ingestion resulted in a greater reduction in Tgi (0.5 ± 0.2 °C) compared with CON (0.1 ± 0.1 °C;
P = 0.001). Following warm-up exercises and prior to start of the
run, Tgi was similar (37.4 ± 0.3 °C vs. 37.4 ± 0.3 °C; P = 0.841)
between trials. Gastrointestinal temperature remained similar
until the 15th min of the run, after which the Tgi became higher
in the ICE trial (39.5 ± 0.7 °C) compared with the CON trial
(39.1 ± 0.6 °C; P = 0.01). At completion of the run, end Tgi was
higher in the ICE trial (40.2 ± 0.6 °C) compared with CON trial
(39.8 ± 0.4 °C, P = 0.005). The mean rate of Tgi increase was signiﬁ▶ Fig. 4) from − 10 to 15 min of the run in
cantly higher (P < 0.01; ●
the ice slurry trial compared with ambient temperature drink
trial. There was no diﬀerence (P = 0.512) thereafter between the
trials.

Heart rate
There was no diﬀerence in heart rate (CON:65 ± 12 beats · min − 1
vs. ICE:68 ± 8 beats · min − 1; P = 0.254) between trials at the start
of the trials. Prior to the run, (time = 0 min) heart rate was similar
(CON:97 ± 17 beats · min − 1 vs. ICE:98 ± 14 beats · min − 1; P = 0.840)
between trials. It remained similar (P = 0.359) throughout the
run and at the end of the run (CON:182 ± 7 beats · min − 1 vs.
ICE:184 ± 11 beats · min − 1; P = 0.404) between trials.

0

5

10 15 20 25 30 35 40 45 50 55 60
Run
Time (min)
Ambient temp drink
Ice slurry

Fig. 4 Rate of Tgi increase ( °C.min − 1) during the outdoor 10 km run at
each experimental trial (mean ± standard deviation).* denotes ice slurry
signiﬁcantly diﬀerent from ambient temperature drink (P < 0.05). Mean
rate of Tgi increase was signiﬁcantly higher (P < 0.01) from − 10 to 15 min
in the ice slurry trial compared with ambient temperature drink trial.
There was no diﬀerence (P = 0.512) thereafter.

Sweat rate and ﬂuid balance
Ad libitum water intake during the outdoor 10 km run was similar (CON: 87 ± 87 mL; ICE: 119 ± 98 mL; P = 0.357) between trials.
There was no diﬀerence in post-run urine volume (CON:
51 ± 53 mL; ICE: 69 ± 93 mL; P = 0.271) between trials. Estimated
sweat rate was also similar (CON: 1.11 ± 0.19 L · h − 1; ICE:
1.13 ± 0.24 L · h − 1; P = 0.576) between trials. Net body mass loss
during the run was similar (CON: 2.0 ± 0.5 %; ICE: 2.1 ± 0.5 %;
P = 0.617) between trials.

Subjective ratings
There was no diﬀerence in RPE throughout the outdoor 10 km
▶ Fig. 5a). Ratings of thermal senrun between trials (P = 0.566; ●
sation were similar (CON: 1 ± 1; ICE: 1 ± 1; P = 0.339) between tri▶ Fig. 5b). There was no diﬀerence
als before the drinking phase (●
(CON: 1 ± 1; ICE: 1 ± 1; P = 0.166) in the ratings of thermal sensation in the ﬁrst 10 min at rest between trials. The ratings of thermal sensation were lower (P = 0.001) following − 35 min onwards,
and this trend persisted to the end of the drinking phase. Ratings
of thermal sensation were lower (P = 0.05) for up to 1 km of run,
with ICE compared with CON. Subsequently, there was no diﬀerence (P = 0.568) between trials for the rest of the run.

Discussion

▼

The present study has illustrated that compared with ambient
temperature drink at 30.9 °C, ingestion of ice slurry lowered Tc
and allowed Tc to rise higher during a self-paced outdoor 10 km
running time-trial. The ﬁeld setting in which running performance tests were conducted renders novelty to this study, as previous similar investigations were conducted in laboratory
settings [32, 34]. Ice slurry ingestion led to faster running performance time, speciﬁcally by an improved pacing towards the
ﬁnal 2 km of the time trial. These ﬁndings are the ﬁrst to demonstrate ice slurry ingestion as an eﬀective ergogenic, pre-exercise
cooling intervention in a ﬁeld setting with hot and humid enviYeo ZW et al. Ice Slurry on Outdoor … Int J Sports Med 2012; 33: 859–866
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Fig. 5 Ratings of perceived exertion (a) and thermal sensation (b) during
each experimental trial (mean ± standard deviation). Arrow denotes when
drink was ingested. * denotes ice slurry signiﬁcantly diﬀerent from ambient temperature drink (P < 0.05).There was no diﬀerence (P = 0.566) in
ratings of perceived exertion throughout the outdoor 10 km run between
trials. Mean ratings of thermal sensation was lower from third aliquot of
drink to end of the drinking phase, with ice slurry compared with ambient
temperature drink (P = 0.001). Mean ratings of thermal sensation was
lower after up to 1 km of run, with ice slurry compared with ambient
temperature drink (P = 0.05). There was no diﬀerence (P = 0.568) between
trials for the rest of the run.

ronmental conditions. In addition, the incorporation of individual warm-up routines and the provision of ﬂuid at ﬁxed distances
mimic race-like scenarios and further enhance the ecological
validity of our ﬁndings.
An essential novelty about the present study was the environmental setting in which trials were held. Previous studies were
all held in the laboratory, and thus lacked ecological validity. An
obvious reason was that environmental variables could easily be
controlled and replicated between trials in the laboratory, and
therefore removing any potential confounding variables that
environmental factors might introduce. In the present study,
this concern was accounted for given the similar WBGT recorded
between the two experimental trials. The present study was
performed in Singapore which is located near the equator. Singapore’s climate is hot and humid and is consistent all year round.
Thus, allowing environmental controls to be brought to a ﬁeld
setting.
Acknowledging that a substantial amount of energy is required
for phase change, researchers have recently evaluated ice slurry
ingestion as a pre-exercise cooling method in the laboratory
[34, 36]. Our study was designed to assess this pre-exercise cooling technique in a ﬁeld setting, with simulated race conditions in
the local warm and humid environment. Thermoregulatory
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responses elicited from ingesting ice slurry in the present study
extended the ﬁndings from previous laboratory studies.
The heat sink created by ingesting ice slurry was based on the
thermodynamic properties of water and the changing of its
physical state from solid to liquid. Speciﬁc heat capacity (Cp)
refers to the quantity of energy required to increase 1 g of a substance by 1 K. We assumed that properties of the sports drink
used in the present study were similar to water, and that ice
slurry comprised mostly ice than water. The Cp of solid ice is
2.108 kJ · kg − 1 · K − 1 and that of liquid water is 4.204 kJ · kg − 1 · K − 1.
In addition, 334 kJ.kg − 1 of energy is also required for the enthalpy
of fusion for phase change from ice to water with ice slurry
ingestion. Using the equation from Nadel and Horvath [29] and
the Cp of human tissue as 3.47 kJ · kg − 1 · °C − 1, the predicted
decrease in Tc from ingesting 8 g · kg − 1 of ambient temperature
drink (30.9 °C) and ice slurry ( − 1.4 °C) was ~0.1 °C and ~1.0 °C,
respectively. The additional energy required for phase change
was responsible for this large diﬀerence, as the predicted change
in Tc would be a mere ~0.2 °C with ingestion of water close to
0 °C. In the present study, a Tgi reduction of ~0.1 °C and ~0.5 °C
was observed with ambient temperature drink and ice slurry
ingestion, respectively. Compared with the calculated prediction, a smaller actual reduction in Tgi was observed in the ice
slurry trial. This was expected as the calculation assumed ice
slurry to be composed of only ice when in reality, the ice slurry
comprised ice particles in liquid water. Since substantial energy
is derived from the enthalpy of fusion needed for phase change,
the calculation would yield an overestimation of drop in Tc.
We are unable to explain the large negative performance time of
the runner who performed worse following the ingestion of ice
slurry. However, improvement in performance time of ~1.0 % for
the rest of the 11 participants who performed better with ice
slurry ingestion was similar to other studies that have investigated pre-exercise cooling manoeuvres and subsequent exercise
performance. Arngrimsson et al. [3] showed that wearing a cooling vest compared with a T-shirt during active warm-up exercises improved 5 km running performance by 1.1 % or 13 s, in the
heat (32 °C temperature, 50 % relative humidity). Ross et al. [32]
demonstrated that the combined pre-exercise cooling procedure
of ingesting 14 g · kg − 1 of ice slurry while being covered with ice
towels, enhanced 46 km cycling time-trial performance by 1.3 %
as compared with no intervention. In that study, the eﬀect magnitude of the pre-exercise cooling manoeuvre was established to
be “trivial to large”, similar to the ﬁndings of the present study.
More recently, Byrne and colleagues (12) observed a 2.8 %
improvement in self-paced distance cycled in 30 min following
cold ﬂuid (4 °C) vs control ﬂuid temperature (37 °C).
In contrast to the recent study by Ross et al. [32], we found similar Tc at the start of the run between the ice slurry and ambient
temperature drink trials. The ingestion of ice slurry prior to the
15 min warm-up might have elicited vasoconstriction, resulting
in reduction in peripheral circulation [30]. This would lead to
decrease in heat transfer from the body core to the periphery
and thus compromise heat dissipation during the 15 min warmup, causing the gradual rise of Tc towards baseline before the
start of the run. The rate of Tc increase seen in the present study
further supports this physiological response. Its eﬀect was manifested during the initial stage of the run, when Tc increased at a
higher rate during the ice slurry trial compared with the ambient temperature drink trial for up to 15 min. This compromised
heat dissipation and increased heat strain during the initial stage
of the run. However, improvement in running performance was
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still evident at the late stages of the run. Possible reasons as to
why previous studies involving ice slurry did not observe such
results could be due to the exclusion of a pre-run warm-up routine [34] or the ingested volume of ice slurry was twice the
amount compared to the present study [32], resulting in greater
heat debt. In addition, the higher warm-up exercise intensity in
the study by Ross et al. [32] might have attenuated the induced
peripheral vasoconstriction via the ingestion of ice slurry, in
contrast to the relatively low intensity of the self-selected warmup exercises (slow jogs, strides and stretches) performed by our
participants. Our observations are similar to that by Uckert and
Joch [39], who reported that although pre-exercise cooling
through wearing an ice jacket did not result in any diﬀerences in
Tc compared to control, it still enabled participants to perform
better.
Pacing generally improved towards the ﬁnal stages of the 10 km
run after ingestion of ice slurry compared with the ambient
temperature drink. This ﬁnding agrees with Tucker et al. [37],
who found that increased power output during exercise in a cool
environment compared with a hot environment only occurred
after ~80 % of a self-paced, 20 km cycling time-trial. Similarly, in
an evaluation of whole-body cold water immersion as a preexercise cooling technique, a 30 min self-paced run on a treadmill revealed an increase in distance covered only after 25 min
[9]. Kay et al. [22] also reported similar ﬁndings during a selfpaced cycling performance test. By inferring from blood lactate
concentrations, they concluded that whole-body pre-exercise
cooling only signiﬁcantly increased exercise intensity towards
the end of exercise. Taken together, pre-exercise cooling
enhances exercise performance by allowing athletes to increase
their pacing towards the end rather than by maintaining higher
intensity throughout the exercise.
Similar to the study by Siegel et al. [34], who employed ice slurry
ingestion as a pre-exercise cooling technique in a hot and humid
laboratory environment, we observed raised mean Tgi from
15 min of the run until the end of exercise. The higher Tgi
observed at the end of the run can be partly explained by the
greater metabolic heat produced during the ice slurry trial,
resulting in an enhanced exercise performance. In addition, the
sensory eﬀect of ice slurry ingestion may have reduced or inhibited aﬀerent feedback that would mediate a central reduction in
muscle recruitment. This would allow the body to tolerate a
greater thermoregulatory load or attenuate the importance of
the “critical” Tc, if such a threshold exists [26]. Thus, our participants were able to select higher exercise intensities albeit higher
rates of Tgi increase during the ice slurry trial.
Siegel et al. [34] has suggested that ice slurry ingestion can cause
a “physiologically meaningful reduction in brain temperature”
and aﬀect the thermo-receptors present. In addition, temperature of ingested liquid has been shown to inﬂuence the activity
of brain regions associated with reward and pleasantness [18].
Extrapolating the results of Tyler and Sunderland [38] who
investigated physiological responses to neck cooling, proximity
of the oral introduction of ice slurry and the brain may also have
an eﬀect on perceived thermal strain, which may oppose any
inhibitory signals due to elevated Tc. In that study, exercise
capacity was increased by ~13.8 % compared with no cooling.
Participants were also able to tolerate a higher end rectal temperature of 39.6 °C with neck cooling compared with only 39.2 °C
with no cooling. Coupled with similar RPE scores throughout the
run and similar thermal sensation scores after 1 km, it is likely

that there exists a central mechanism for the enhanced performance and higher Tgi observed after ice slurry ingestion.
There are two limitations in this study. Pertaining to the use of
the ingestible temperature capsules, it is well known that gastrointestinal transition time is aﬀected by diets and physical
activities prior to the experimental trial. We had therefore
attempted to control for these factors by ensuring our participants adhered strictly to these pre-trial control measures. In
addition, because the ingestion of cold drinks has been reported
to compromise its accuracy [27] even when the capsule was
ingested 8 to 11 h prior, we extended the duration between the
ingestion of capsule and trial commencement to 16 h. The time
of capsule ingestion was kept consistent within each individual
between the two experimental trials. The lack of blind treatment may have accentuated the eﬃcacy of ice slurry in the
present study.

Conclusion

▼

The present study has for the ﬁrst time shown that pre-exercise
cooling through the ingestion of ice slurry could indeed be eﬀective in an actual ﬁeld setting. Ice slurry ingestion is a promising
pre-exercise cooling manoeuvre in terms of time-to-eﬀect,
logistical demand, practicality and convenience. The transient
increase in heat strain following a warm up routine in the ice
slurry trial warrants further investigation.
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